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CHAPTER  1 
 
 
                 
INTRODUCTION INTO 
SULFINE CHEMISTRY* 
                 
 
 
 
1.1 Introduction 
 
In 1923 Wedekind, Schenck and Stüsser[1] published their paper on the preparation of 
“Chlorosulfoxid-camphor” 1 which nowadays can be considered as the bench marker for the 
chemistry of sulfines. This preparation of the first thiocarbonyl S-oxide by treatment of 
camphor-10-sulfonyl chloride with pyridine or triethylamine is a peculiar reaction which 
mechanistically is by no means straightforward. The structure of Wedekind’s product was 
confirmed about forty years later by King and Durst using spectroscopic evidence[2]. These 
authors also uncovered a very important property of sulfines, namely that they have a 
nonlinear structure and that therefore they exist as geometrical isomers provided that the 
substituents at the sulfine carbon atom are different[2]. Thus, treatment of benzylsulfonyl 
chloride with triethylamine gave both isomers of phenyl-chlorosulfine. The mechanism of this 
first sulfine synthesis proceeds via the intermediacy of a sulfene[2,3] (as was already suggested 
by Wedekind et al.[1]) and a sulfinic sulfonic anhydride[4], but the full details remain still 
unclear[5]. It is of interest to note that it took more than sixty years before the actual geometry 
of Wedekind’s Chlorosulfoxid-camphor was elucidated by an X-ray analysis[6]. 
 
                                                 
* A part of this chapter has been published: B. Zwanenburg, T.J.G. Damen, H.J.F. Philipse, R.C. de Laet and 
A.C.B. Lucassen; Phosphorus, Sulfur and Silicon 153/154, 119 (1999). 
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Scheme 1.1 
 
Another important milestone in sulfine chemistry is the publication by Walter[7] in 1960 in 
which he proved that the actual structure of the products obtained by oxidation of thioamides 
using hydrogen peroxide, is a thioamide S-oxide 2. The original report on aminosulfines by 
Kitamura[8] remained unnoticed until Walter’s reinvestigation[7]. 
A historical marker in sulfine chemistry is for sure the publication of Sheppard and Diekmann 
(1964)[9] who prepared fluorenethione S-oxide 3 by a dehydrochlorination reaction of the 
corresponding sulfinyl chloride. These authors suggested for the first time[9] the name sulfine 
for thiocarbonyl S-oxides to indicate the structural relationship with sulfenes, which are 
thiocarbonyl S,S-dioxides[3]. In the same year the first thioaldehyde S-oxide 4 was prepared by 
Strating, Thijs and Zwanenburg[10] also employing the dehydrochlorination method. 
In retrospect it is highly remarkable that oxidation of thioketones was not considered earlier 
for the synthesis of diarylthione S-oxides. Apparently, the earlier literature[11] indicating that 
oxidation of thioketones immediately led to the corresponding ketones, has been too 
discouraging. It was found however, that careful treatment of fused aromatic thioketones, 
such as fluorenethione and xanthione, with one equivalent of monoperphtalic acid gave an 
immediate change of the typical thione color and concurrent formation of the corresponding 
sulfines in excellent yields[12,13]. After this initial success, the oxidation method was 
elaborated to a general and convenient method for the synthesis of a large variety of 
sulfines[14,15]. In fact, the only limitation is the availability of the starting thiocarbonyl 
compounds. This oxidative method has been extensively reviewed[14-17]. 
A true milestone in sulfine chemistry is also the finding that ethylsulfine is the principal 
lachrymatory factor in freshly cut onions[18,19]. The occurrence of a sulfine in nature has 
undoubtedly stimulated the development of sulfine chemistry in the seventies. 
Sulfines are usually represented as heterocumulenes formally derived from sulfur dioxide by 
replacing one oxygen atom by a carbon atom. This formula is not correctly referring to the 
electronic structure of sulfines in which sulfur has a net positive and oxygen a net negative 
charge[20]. The participation of d-orbitals is regarded as small if any[21]. In spite of the 
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criticism on this heterocumulenic sulfine structure, it is used most frequently for the sake of 
convenience. 
 
The general features of the chemical behavior of sulfines are summarized in Scheme 1.2. 
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Scheme 1.2 
 
The most frequently used reaction of sulfines is the Diels-Alder type cycloaddition with 1,3-
dienes to give dihydrothiopyran S-oxides (Scheme 1.3). In this respect the first reported Diels-
Alder reaction of phenyl-chlorosulfine is of historic relevance[22]. This [2+4]-cycloaddition is 
stereospecific as the geometry of the sulfine is retained in the cycloadduct[14,22].  
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Scheme 1.3 
 
Dipolar cycloadditions also have been extensively studied[14,15]. However, a cycloaddition in 
which the sulfine serves as the 1,3-dipole was discovered much later by Huisgen et al.[23,24], 
who elegantly used thiones as super-dipolarophiles[25]. The structures of the 1,2,4-
oxadithiolanes was confirmed by an X-ray diffraction analysis[24] (Scheme 1.4). 
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Scheme 1.4 
 
Thiophilic addition reactions have been investigated in great detail[14,15]. In this context the 
use of sulfines derived from dithioesters in nucleophilic acylation reactions is worth 
noting[14,26]. Carbophilic reactions can only be accomplished when a good leaving group X is 
present, e.g. for X is Cl displacement with sulfur nucleophiles has been accomplished[14]. The 
tautomerism of sulfines with vinylsulfenic acid was already discussed when the structure of 
the lachrymatory factor in onions was investigated[14,19,27,28]. Originally it was believed that 
this factor was 1-propenylsulfenic acid (CH3CH=CH-S-OH) instead of the ethylsulfine 
tautomer[19,25]. Chemical evidence for the existence of tautomerism for sulfines was obtained 
by trapping experiments of the vinylsulfenic acid tautomer (see section enethiolization) which 
were carried out at a more recent date[29]. 
Several reviews on the chemistry of sulfines have appeared over the years, covering most of 
the chemistry performed until the late eighties[14-17,30-32]. In this chapter special attention will 
be given to some recent developments with regard to the synthesis of sulfines, the 
phenomenon of enethiolization, special features of α-oxosulfines and some new aspects of the 
Diels-Alder type cyclization reaction. 
 
 
1.2 Synthesis 
 
The oxidation of thiocarbonyl compounds to give sulfines (see previous section) is the most 
versatile route for the preparation of sulfines and is usually performed with a 
peroxycarboxylic acid, such as m-chloroperbenzoic acid (m-CPBA)[14,15]. This method of 
preparation will be discussed more in detail in the introduction of chapter 2. 
 
The modified Peterson reaction involving the reaction of α-silyl carbanions with sulfur 
dioxide is a very attractive route to sulfines, especially in those cases where the corresponding 
thiocarbonyl compounds are not accessible[14,15,30,31,33,34]. This method, which has a wide 
scope, is depicted in Scheme 1.5.  
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Scheme 1.5 
 
The synthesis of α-oxo sulfines has received considerable attention[30,31]. This type of sulfines 
readily undergoes the Diels-Alder reaction due to the presence of the electron-withdrawing 
carbonyl function adjacent to the sulfine unit. The in situ preparation of α-oxo sulfines can be 
achieved most conveniently from silyl enol ethers by treatment with thionyl chloride in the 
presence of a tertiary amine base (Scheme 1.6 and Table 1.1)[30,31,35-38]. In some cases the 
corresponding methylene compounds can be used as the starting material[30,31,39-44]. First, a β-
keto sulfinyl chloride is formed which then, upon reaction with the base, leads to the α-oxo 
sulfine. In situ entrapment with a diene is in most cases required due to the decomposition of 
the α-oxo sulfines during the aqueous work-up (Scheme 1.6 and Table 1.1). This reaction 
with thionyl chloride, especially with silyl enol ethers, has a large scope[30,31,40,41] as can be 
deduced from the examples given in the literature[36]. 
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Scheme 1.6 
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Table 1.1 Synthesis of dihydrothiopyran S-oxides via α-oxo sulfines (Scheme 1.6) 
 
R1 R2 R3 Yield (%) 
Ph H Me 84 
Ph Me Me 92 
Et Me Me 44 
OMe Ph H 90 
OMe CH2Ph H 48 
OEt CO2Et H 75 
 
Doubly activated methylene compounds react smoothly with thionyl chloride in the presence 
of 2,6-lutidine as the tertiary amine base to give the corresponding sulfines in excellent yields 
(Scheme 1.7). In all cases the highly reactive sulfines were trapped in situ by a Diels-Alder 
reaction with 2,3-dimethyl-1,3-butadiene[40,41]. The methodology shown in the Scheme 1.6 
and 1.7 allows the synthesis of sulfines of which the corresponding thiocarbonyl compounds 
are either highly unstable or unaccessible. 
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Scheme 1.7 
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Removal of the oxygen at sulfur from the Diels-Alder cycloadducts opens avenues to prepare 
dihydrothiopyran derivatives formally derived from an unaccessible thiocarbonyl compound. 
In other words, here sulfines serve as the synthetic equivalents of thiocarbonyl compounds 
(Scheme 1.8)[41-44].  
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Scheme 1.8 
 
As mentioned above sulfines having an electron-withdrawing substituent at carbon, such as an 
ester or a carbonyl group, are usually too unstable to be isolated as such, due to 
decomposition during work-up. This puts a limitation on the study of the chemical behavior 
of α-oxo sulfines. Therefore, an extensive study to modify the experimental conditions was 
made. It was then found that using diisopropylethylamine as a base at low temperature, 
allowed the isolation of α-oxo sulfines derived from esters by flash chromatography (Scheme 
1.9 and Table 1.2)[45]. The α-oxo sulfine from methyl propionate could even be distilled. This 
experimental fine-tuning of the reaction conditions allowed the study of such sulfines in 
Diels-Alder reactions in the presence of catalysts (see section on cycloaddition) or other types 
of reagents which are not compatible with thionyl chloride[45]. 
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Scheme 1.9 
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Table 1.2 Synthesis of α-oxo sulfines (Scheme 1.9) 
 
R Base Solvent Conditions Yield (%) 
Me i-Pr2NEt Et2O -78ºCÆ RT, 15 min 66 
i-Pr ,, ,, ,, 89 
t-Bu ,, ,, ,, 85 
Ph ,, ,, ,, 96 
CH2Ph ,, ,, ,, 93 
 
 
1.3 Enethiolization 
 
The intramolecular trapping of a vinylsulfenic acid tautomer of a sulfine was achieved[29,46] as 
shown in Scheme 1.10. The allylsulfanyl substituent reacted intramolecularly to give a five-
membered ring heterocycle, the structure of which was unambiguously established by an X-
ray diffraction analysis. The enethiolization was catalyzed by pyridinium p-toluenesulfonate. 
The intramolecular reaction of the vinylsulfenic acid probably proceeds via a concerted six-
electron sigmatropic rearrangement as is evidenced by the syn stereochemistry of the 
cyclization. It is also possible to perform the intramolecular entrapment of the sulfine 
tautomer by a prop-2-ynylsulfanyl substituent which results in a 5-methylene-1,3-dithiolane-
1-oxide (see Scheme 1.10). 
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Scheme 1.10 
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An alternative manner to trap the vinylsulfenic acid tautomer is a reaction with thionyl 
chloride[46] whereby a chloromethyl-1,3-dithiolane is obtained (Scheme 1.11). Still et al.[38] 
studied an intermolecular reaction of enethiolizable sulfines and made similar observations. 
The formation of the chloromethyl product proceeds via the vinylsulfenyl chloride which is 
formed by the reaction of the vinylsulfenic acid with thionyl chloride. 
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Scheme 1.11 
 
A modification of this entrapment reaction of vinylsulfenic acid is depicted in Scheme 1.12. 
Here the starting material is a silyl enol ether which upon reaction with thionyl chloride first 
gives the α-oxo sulfine[41]. In a subsequent reaction the tautomeric form reacts with thionyl 
chloride to give a thiophene derivative (Scheme 1.12). It is assumed[41] that the intermediate 
vinylsulfenyl chloride reacts with the olefinic bond via an episulfonium ion as indicated in 
Scheme 1.12. 
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Scheme 1.12 
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A trapping reaction of a different nature is shown in Scheme 1.13. Treatment of an 
appropriate sulfine with benzenethiol in dichloromethane gives a disulfide which clearly 
arises from the reaction of the vinylsulfenic acid tautomer with the thiol[41]. 
 
SEt
S
Ph
O
SEt
S
Ph
OH
SEt
S
Ph
S
55%(Z+E)
PhSH
CH2Cl2 Ph
 
 
Scheme 1.13 
 
Information about the ease of the tautomeric interconversion can be obtained by investigating 
the optical integrity of chiral sulfines having a stereogenic center at C-α. Four differently α-
substituted sulfines were studied for this purpose[47]. The sulfine derived from mandelic acid 
(top line Scheme 1.14) retained its optical rotation while standing at 4ºC for two months, 
indicating that no racemization, and accordingly no tautomeric interconversion, had taken 
place. 
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Scheme 1.14 
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The second compound (see second line, Scheme 1.14) was derived from L-leucine by a 
thionation reaction using Lawesson’s reagent and a subsequent oxidation with m-CPBA. This 
α-amino sulfine, which was obtained as a single isomer, retained its original optical rotation 
for a few years. The high stability of this sulfine may be attributed to the intramolecular 
hydrogen bonding in the E-configuration. The third sulfine (see third line, Scheme 1.14) 
having an α-methyl substituent racemized completely within 24 hrs on standing at 0ºC. The 
behavior of the fourth sulfine[45] (see bottom line Scheme 1.14), which also has an α-methyl 
substituent, is completely different from that of the third sulfine, namely, neither racemization 
nor decomposition took place after one year at –20ºC. The results with four chiral sulfines 
clearly demonstrate that the optical integrity and thus tautomerization strongly depends on the 
substituents at C-α and the sulfine carbon atom as well. 
 
 
1.4 Cycloaddition reactions 
 
The most frequently used diene in Diels-Alder reactions with sulfines is 2,3-dimethyl-1,3-
butadiene[14,15,30,31]. Even sulfines with a moderate dienophilicity react with this diene. 
However, 1,3-butadiene is much less reactive and the same holds for 1-acyloxy and 1-alkoxy 
substituted 1,3-dienes. For these dienes a catalyst would be desirable. It was found that SnCl4 
is an effective catalyst for Diels-Alder reactions of sulfines (Scheme 1.15)[45]. The results 
show that the effect of the catalyst is enormous. It was very tempting to try this catalyst in the 
presence of a chiral ligand to achieve an asymmetric [4+2]-cycloaddition. Disappointingly, no 
enantioselectivity was observed when ligands, such as R-(+)-1,1’-bi-2-naphtol (BINOL), were 
used as an addendum. Chiral Lewis acid catalysts, such as chiral shift reagents, were not 
effective either[45]. 
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Scheme 1.15 
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For an alternative approach to accomplish an asymmetric Diels-Alder reaction, either a chiral 
diene or a chiral sulfine can be considered. As a chiral diene the so called Trost diene[48-50], 
essentially derived from mandelic acid, was used (Scheme 1.16). A mixture of expected 
regioisomeric cycloadducts was obtained upon reaction with bis-(methoxycarbonyl)-sulfine. 
The diastereomers of the separated regioisomers could be detected in the 1H-NMR spectrum 
but unfortunately their ratio could not be determined. 
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Scheme 1.16 
 
Three alkoxycarbonyl substituted sulfines having a chiral center at different positions were 
next investigated (Scheme 1.17). Reaction of menthyl phenylacetate with thionyl chloride in 
the presence of 2,6-lutidine and 2,3-dimethyl-1,3-butadiene gave the cycloadduct in good 
yield, but in a rather poor diastereoselectivity (d.e. 19%)[51]. Clearly the stereogenic centers 
are too remote to be effective in the asymmetric cycloaddition reaction. The second sulfine 
(see also Scheme 1.14) contains the stereogenic center at the carbon atom adjacent to the 
sulfine unit. Cycloaddition with 2,3-dimethyl-1,3-butadiene in the presence of 10 mol% of 
SnCl4 resulted in a cycloadduct with a d.e. of 33%. The third sulfine was derived from 3-
hydroxybutanoate (third line, Scheme 1.17). This sulfine was conveniently generated by 
reaction with thionyl chloride in the presence of triethylamine and excess of the trapping 
diene. The cycloadduct was obtained in a high chemical yield but with a rather low d.e. of 
24%. The latter two examples show that in spite of the adjacency of the stereogenic center to 
the sulfine moiety, the asymmetric induction is disappointing. 
 
This result sharply contrasts the complete asymmetric induction obtained previously with 
sulfoximino substituted sulfines (Scheme 1.18) [15,30,31,52]. Apparently, the nature of the chiral 
center plays a decisive role in the asymmetric Diels-Alder reaction of sulfines. 
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Scheme 1.18 
 
 
1.5 Aim and outline of this thesis 
 
The aim of the research described in this thesis is to develop to new synthetic routes for 
sulfines with a focus on silicon mediated methodology. The motivation for this research is 
that there is still a great need for the synthesis of sulfines using mild conditions, so that these 
sulfines can be investigated in further chemical operations. In chapter 2 a new convenient 
method for the oxidation of thiocarbonyl compounds is presented. In chapter 3 and 4 silicon 
mediated sulfine syntheses are described using by dehydrosiloxylation and desilylsiloxylation, 
respectively. In chapter 5 a new class of sulfines is reported, viz. epoxy substituted sulfines. 
Finally, in chapter 6 preliminary results on the nucleophilic additions of acetylide anions to 
sulfines are described. 
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SULFINE SYNTHESIS BY OXIDATION OF 
THIOCARBONYL  
COMPOUNDS USING DIMETHYL 
DIOXIRANE 
                 
 
 
 
2.1 Introduction  
 
2.1.1 Oxidation of thiocarbonyl compounds 
 
As has been outlined in the introductory chapter, the oxidation of thiocarbonyl compounds is 
one of the most versatile methods for the preparation of sulfines[1,2]. A large variety of 
thiocarbonyl compounds has been oxidized to the corresponding sulfines viz. thioamides[3-7], 
aromatic thiones[8,9,10], adamantane thione[11], thiocamphor[12-14], aliphatic thiones[11,12,15-19], 
trithiocarbonates[21,22], dithiocarboxylic esters[7,24-29], thioacyl chlorides[30],[31] and 
thiophosgene[32,33]. Recently, new examples have been added to this list, namely thioacyl 
silanes[34-39], tropothione[40], aliphatic dithioesters[16,42,43] and dithiocarboxylic esters leading to 
chiral sulfines[44]. In all cases, the sulfines could be isolated after an appropriate work-up 
procedure. 
The most extensively used oxidant in the sulfine synthesis is m-chloroperbenzoic acid (m-
CPBA)[1,2,25]. This reagent is highly effective and also selective; the oxidation proceeds fast 
and is easy to carry out. Usually, a reaction time of 30 minutes at 0ºC is sufficient. Moreover, 
m-CPBA is commercially available. A disadvantage of the commercial material is that its 
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purity is only 70% and that it contains a considerable amount of water, which necessitate a 
pretreatment prior to use. The by-product, after the oxidation is completed, is m-
chlorobenzoic acid that must be removed by extraction during the aqueous work-up 
procedure, which in several cases causes difficulties attributable to the limited stability of the 
sulfine product. 
Monoperoxy phthalic acid is one of the first peracids that was used in the synthesis of 
sulfines[8,24]. The advantage of this oxidant is that phthalic acid, which is the by-product, can 
be removed by crystallization. A drawback is that this oxidant is not commercially available. 
Hydrogen peroxide can only be used for the oxidation of thioamides to the corresponding S-
oxides[6]. Although readily available, its use in sulfine synthesis is limited. Disadvantages are 
that it is effective for a limited number of thiocarbonyl compounds and that there is always 
water present during the reaction, which causes solubility and isolation problems. 
Recently, it was shown that hydrogen peroxide is able to oxidize thiobenzophenones and 
thiocamphor to their S-oxides, when methyltrioxorhenium (CH3ReO3 or MTO) is employed 
as catalyst[45]. This rapid oxidation method is depicted in Scheme 2.1 and proceeds via a 
perrhenium oxide. 
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Scheme 2.1 
 
Ozone which is a clean oxidizing agent can only be used for the oxidation of sterically 
hindered thioketones to the corresponding S-oxides[46]. An unusual oxidation method 
proceeds by oxygen transfer from carbonyl oxide, however the scope is small[47]. In case of 
thiobenzophenone derivatives sulfines were isolated in 15-30% yield, while adamantan-2-
thione gave a [2+3] cycloaddition to the corresponding thio-ozonide in around 70%[47]. 
In spite of the fact that the effective oxidizing agents are available to accomplish the oxidation 
of thiocarbonyl compounds to their S-oxides, there is still a need for a mild oxidant for this 
conversion, especially for those cases where the aqueous work-up procedure, required for the 
use of m-CPBA, is not compatible with the nature of the sulfine. 
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For this purpose dimethyl dioxirane (DMDO) was considered as potential oxidant, as it is 
known as an effective and mild reagent. When successful, DMDO would be attractive for the 
preparation of rather labile sulfines (Scheme 2.2). This oxidant can be used in an organic 
solvent, and the by-product is acetone which is harmless in this context. 
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R1 R2
S O
+ +
OO
 
 
Scheme 2.2 
 
 
2.1.2 Dimethyl dioxirane 
 
The parent dioxirane was first reported by Baeyer and Villiger as a possible intermediate in 
the oxidation of ketones, now know as the Baeyer-Villiger oxidation[48]. This proposal was 
criticized by Doeringer and Dorfmann[49], but Murray provided sound evidence for the 
intermediacy of dioxirane in the oxidation of ketones[50]. Perfluorodimethyl dioxirane was the 
first isolated dioxirane. In 1972 Talbott and Thompson reported the fluorine mediated 
oxidation of gem. dilithioalkoxides[51] (see Scheme 2.3 route a). Alternative routes to 
dialkyldioxirane include the ozonolysis of olefins (Scheme 2.3 route b)[52-54] and the photo-
oxidation of diazo compounds which proceeds via carbonyl oxides as the intermediate[50] 
(Scheme 2.3 route c). The most common method for the preparation of dioxiranes involves 
the oxidation of ketones with peroxysulfuric acid[50,55,56] (Scheme 2.3 route d). This method 
was first used for the in situ generation of dioxiranes, especially DMDO[55,57,58]. The isolation 
of DMDO following a procedure described by Murray, using KHSO5 in acetone, made this 
oxidant available for synthetic purposes[59,60]. Differently substituted dioxiranes can be made 
by the Murray method, allowing the variation of oxidation ability of this type of reagents. For 
example, methyl(trifluoromethyl)dioxirane (TFDO) can be prepared similarly starting from 
methyl trifluoromethyl ketone. It is a strong oxidant and it can be obtained in a higher yield 
and a higher concentration than DMDO[64]. 
 
DMDO is not commercially available but must be prepared in solution from OXONE© 
(KHSO4, K2SO4, 2KHSO5) in acetone. The yield is low (ca. 5%) and the concentration is low 
as well (< 0.1 M). This implies that DMDO can only be used in small-scale syntheses. Above 
the maximum concentration of 0.1 M DMDO is self-destructing. A freshly prepared solution 
of DMDO in acetone can be stored at –20ºC for some weeks without loss of activity, however 
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at room temperature the activity is lost in ca. 7 hours[59,60]. Also overnight drying with K2CO3 
reduces the DMDO concentration[61]. 
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Scheme 2.3 
 
 
DMDO has been utilized for the oxidation of a variety of substrates (Scheme 2.5), mainly 
involving oxygen transfer reactions, such as epoxidation of alkenes, oxidation of amines to 
nitro compounds, of sulfides to sulfoxides and sulfones, of aldehydes to carboxylic acids. 
Of the sulfur nucleophiles, sulfides are oxidized by DMDO to sulfoxides and these, in turn, to 
sulfones. This oxidation can be controlled at the sulfoxide stage. These results reveal the 
expected electrophilic character of dioxiranes. 
The oxidation of thiantrene 5-oxide (1) has been used as a mechanistic probe to determine the 
electronic character of an oxidant[62-64]. If the SOSO compound 2 is formed as the major 
product during oxidation, the oxidant is electrophilic, if on the other hand the SSO2 compound 
3 is the major product, the oxidant is nucleophilic (Scheme 2.4). The electrophilicity is 
expressed by XNu (Equation 2.1), values near 0 are associated with highly electrophilic 
oxidants (e.g. for m-CPBA, XNu=0.36), while values near unity represent highly nucleophilic 
oxidants (e.g. for carbonyl oxides, XNu>0.80). 
 [ ]
[ ] [ ]2
2
SSOSOSO
SSOX Nu +=  
 
Equation 2.1 
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Initially, high values for Xnu for DMDO have been reported, however these values were 
corrected in later publications. In 1994 Adam and Golsch[64] reported a new XNu value for 
DMDO, XNu=0.13 at 0ºC and a XNu value 0.10 for DFO at 0ºC. Thus, dioxiranes have a 
highly electrophilic character which is in agreement with the other experimental data. 
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Scheme 2.4 
 
The oxidation of thiocarbonyl compounds has been attempted once before using DMDO 
generated in situ by adding OXONE© to a mixture of acetone, water, potassium carbonate (as 
a buffer), 18-crown-6, benzene and the thiocarbonyl substrate[65]. 
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Scheme 2.5 
 
The results of these oxidations reported[65] are collected in Scheme 2.6 and Table 2.1. Indeed, 
the desired thiocarbonyl S-oxides have been obtained in moderate to good yields. In these 
cases the corresponding ketones were produced as by-product, which constitutes a serious 
complication during the isolation of the sulfines.  
It was shown that DMDO was the true oxidant by performing the same reaction in the 
absence of acetone, which gave only traces of sulfines. Clearly, OXONE© itself is not a 
suitable oxidant for the oxidation of thiocarbonyl compounds. Attempts were also made to 
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oxidize non-aromatic thiocarbonyl compounds, here either a low yield was obtained or no 
desired reaction took place. The experimental conditions used by Adam et al.[64] are probably 
responsible for the limited scope of this oxidation reaction. For the isolation procedure, 
extraction of the crude reaction mixture is required, which may be detrimental for labile 
sulfines. 
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Scheme 2.6 
 
Table 2.1  Reported oxidation of thiocarbonyl compounds with DMDO[65] 
 
Entry R1 R2 Reaction 
time (h) 
Yield (%) 
5 
Yield (%) 
6 
1 p-MePh p-MePh 2 79 19 
2 p-MeOPh p-MeOPh 6 97  
3 
S
 
4 29 20 
4 t-Bu t-Bu 72 33  
 
 
2.1.3 Aim of research 
 
The aim of the research described in this chapter is to evaluate the use of DMDO for the 
synthesis of sulfines, especially by employing pre-prepared DMDO in acetone solution. A 
clear advantage compared to the methods known so far[65] should be the ease of isolation of 
the sulfine. 
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2.2 Results and discussion 
 
The experimental set-up for the oxidation of thiocarbonyl compounds was the same as that 
used for the conversion of thioethers into the corresponding sulfoxides[64]. DMDO was 
prepared in acetone solution as described by Adam[59]. 
 
R1 R2
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R1 R2
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+ +
OO CH2Cl2
0ºC  
 
Scheme 2.7 
 
Table 2.2 Oxidation of thiocarbonyl compounds using DMDO 
 
Entry Compound R1 R2 Yield (%) E/Z ratio 
1 7 Tol Tol 98  
2 8 Mes Ph 98 67:33 
3 9 
S
 
98  
4 10 Ph SMe 98 60:40 
5 11 Ph SC10H21 90(36)d 64:36 
6 12 Ph SC16H33 85 60:40 
7 13 PhCH2 SMe 64e 50:50 
8 14 PhCH(CH3) SEt 98 33:76 
9 15 i-Propyl SMe 74a 50:50 
10 16 4-Pyridinyl 4-Morpholine 0b  
11 17 Cl Cl 95c  
12 18 Ph Cl 98 33:67 
13 19 
OMes
H SO2Ph  
SMe 91(53)d 0:100 
a. Not optimized 
b. Oxidation of the pyridine moiety, no sulfine formation 
c. Crude reaction product indicated a quantitative reaction 
d. Between parenthesis isolated yield after purification 
e. Sulfine not stable, formation of dithiins via enethiolization 
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The thiocarbonyl substrate was dissolved in dichloromethane and the DMDO solution was 
then added gradually at 0ºC. After 10 minutes the reaction was checked for its completeness 
by GLC or TLC. The work-up was a simple removal of the solvents. A series of thiocarbonyl 
compounds was subjected these oxidation conditions using DMDO. The results are collected 
in Table 2.1. 
 
These data reveal that the procedure with pre-prepared DMDO leads to high yields of the 
corresponding sulfines. The diaryl thioketones give sulfines in almost quantitative yields. 
Dithioesters also react very nicely and give good to excellent yields of sulfines. Difficulties 
were encountered with methyl benzyldithioate which yields a sulfine that is prone to undergo 
enethiolization (see chapter 1, section 1.3) and therefore decomposes readily (entry 7)[69]. 
The thiocarbonyl compound of entry 10 shows a different behavior, probably due to preferred 
oxidation of the pyridine nitrogen. Thiophosgene could also conveniently be oxidized. Phenyl 
thioacyl chlorides also gave a good yield of the corresponding sulfine. When the substituents 
at the thiocarbonyl carbon atom are different, a mixture of E and Z sulfines was obtained. The 
selectivity for one of the geometrical sulfines is low, in about the same range as observed for 
other oxidizing agents. 
 
It is of interest to note that a very high selectivity in geometrical isomers was observed for the 
substrate under entry 13. Here one of the substituents at the thiocarbonyl carbon atom is much 
more sterically demanding than the other one. Then a kinetic preference for the formation of 
the Z-isomer is observed which clearly experiences the least steric hindrance. 
 
The results described above clearly demonstrate that DMDO is a very attractive oxidant for 
the oxidation of thiocarbonyl compounds to the corresponding S-oxides. 
 
These experimental results were compared with those predicted by semi-empirical 
calculations using MOPAC. For these calculations methyl methyldithioate was used as a 
model substrate (Scheme 2.8). Depending from which side the approach of DMDO is started, 
either the E or Z isomer is formed. The results of these calculations are collected in Table 2.3. 
These data indicate that the energy difference in heat of formation of both geometrical 
isomers is very small, which is in accordance with the low selectivity observed 
experimentally[66]. 
 
Simple reaction path calculations[66] by stepwise shortening the S-O distance, leads to a 
transition state structure as shown in Scheme 2.8. As a substrate for these calculations the 
simplest form of dithioester was used: the methyl dithioacetate. There was no indication of the 
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involvement of a carbonyl oxide structure or a biradical during the entire oxidation trajectory. 
The transition state structure shown in Scheme 2.8 is very similar to the transition state 
structure proposed for the oxidation of sulfides and sulfoxides with dioxirane[67] thus 
confirming that DMDO acts as an electrophilic oxidant. 
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Scheme 2.8 
 
 
Table 2.3 Energy calculations of oxidation of methyl dithioacetate using DMDO 
 
Sulfine 
isomer 
Estart 
(Kcal/mol) 
ETS 
(Kcal/mol) 
Eprod 
(Kcal/mol) 
Eact 
(Kcal/mol) 
Eprod-start 
(Kcal/mol) 
E 22.70 26.36 -70.85 3.66 -93.55 
Z 22.70 26.57 -70.95 3.87 -93.66 
 
 
2.3 Experimental part 
 
General remarks 
IR spectra were recorded on a Perkin-Elmer 298 infrared spectrophotometer. 1H-NMR spectra 
were recorded on a Bruker AC 100 spectrometer with SiMe4 as internal standard. 13C-NMR 
spectra were recorded on a Bruker AC 100 spectrometer with CDCl3 as internal standard. 
Mass spectra were run on a double focusing VG 7070E mass spectrometer. Melting points 
were determined on a Reichert Thermopan microscope and are uncorrected. 
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Dichloromethane was distilled from phosphorus pentoxide, hexane from calcium hydride and 
ethyl acetate from potassium carbonate. Glasswork was oven dried and all reactions were 
carried out in an inert atmosphere of argon. 
Column chromatography was either performed at atmospheric pressure using silica gel 60 
(Merck) or as flash column chromatography with 1.5 bar pressure using silica gel 60H 
(Merck). 
 
Preparation of DMDO[59] 
A 4L three-necked, round-bottom reaction flask was equipped with a large magnetic stirrer 
(egg-shaped) and connected via a U-tube (i.d. 25 mm) to a vacuum distilling adapter and a 
receiver, which was cooled at -78ºC. A mixture of water (254 ml), acetone (192 ml) and 
NaHCO3 (58 g) was cooled to 5-10ºC. While cooling and stirring vigorously, OXONE© (120 
g, 0.195 mol) was added in 5 portions (24 g) in 3 min intervals. Then a moderate vacuum (ca. 
25mmHg) was applied and while stirring vigorously, the DMDO/acetone solution was 
distilled (150 ml, 0.07-0.10 M, ca. 5%) and collected in the cooled (-78ºC) receiver. The 
DMDO solution was dried over K2CO3 and stored in the freezer (-20ºC) over molecular sieves 
(4Å). (DMDO is slowly decomposed by K2CO3, therefore storage on K2CO3 should be 
avoided). 
The concentration of the DMDO was determined by oxidation of thioanisole, as follows: 
To a solution of thioanisole (73 µl, 0.625 mmol) in dichloromethane (5 ml), 5 ml of DMDO 
solution was added at 0ºC. After 10 min of stirring, the mixture was concentrated and the ratio 
of sulfide, sulfoxide and sulfone was determined by either NMR or GC. From these ratio the 
concentration of DMDO in acetone was calculated (0.07-0.10 M). 
 
Oxidation of thiocarbonyl compounds with DMDO (general procedure) 
To a solution of a thiocarbonyl compound (2.0 mmol) in 20 ml of CH2Cl2 which was cooled 
at 0ºC, the DMDO solution in acetone (2.0 mmol) was gradually added. After 5 min of 
stirring, the completeness of the reaction was tested by thin layer chromatography. When 
necessary an additional amount of DMDO solution was added to complete the reaction 
(normally a 10% excess was needed). After 10 min the reaction mixture was concentrated to 
yield the crude product. Purification was performed using either by crystallization or by 
column chromatography. 
The yields are collected in Table 2.2. 
 
Bis(4-methylphenyl) sulfine (7) 
The concentrated crude product showed a yield of 98% by NMR. Spectral data collected were 
in agreement with those reported in the literature[9]. 
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Phenyl(2,4,6-trimethylphenyl) sulfine (8) 
The concentrated crude product showed a yield of 98% (E:Z-ratio 67:33) by NMR. Spectral 
data collected were in agreement with those reported in the literature[9]. 
 
9-Fluorene sulfine (9) 
The concentrated crude product showed a yield of 98% by NMR. Spectral data collected were 
in agreement with those reported in the literature[8]. 
 
Phenyl(methylthio) sulfine (10) 
The concentrated crude product showed a yield of 98% (E:Z-ratio 60:40) by NMR. Spectral 
data collected were in agreement with those reported in the literature[68]. 
 
Phenyl(decylthio) sulfine (11) 
The crude product showed a yield of 90% (E:Z-ratio 64:36) by NMR and 10% unreacted 
dithioester. After reaction the crude product was purified by column chromatography using 
hexane / ethyl acetate (19:1, v/v). Resulting in a separation of the E and Z-sulfine. Due to 
decomposition the yield was low (36%). 
E-isomer: 
1H-NMR (CDCl3): δ  0.87 (t, 3H, J=6.3Hz, CH2(CH2)8CH3), 1.23 (m, 16H, CH2(CH2)8CH3), 
2.58 (t, 2H, J=6.9, CH2(CH2)8CH3), 7.47 (m, 3H, Ar), 8.16 (m, 2H, Ar); IR (CCl4): υmax at 
3060, 2960, 2920, 2850, 1460, 1440, 1115 (C=S=O) cm-1 
Z-isomer: 
1H-NMR (CDCl3): δ  0.87 (t, 3H, J=6.3Hz, CH2(CH2)8CH3), 1.22 (m, 16H, CH2(CH2)8CH3), 
3.03 (t, 2H, J=6.9, CH2(CH2)8CH3), 7.44 (m, 5H, Ar); IR (CCl4): υmax at 3060, 2960, 2920, 
2850, 1460, 1440, 1130 (C=S=O) cm-1 
 
Phenyl(hexadecylthio) sulfine (12) 
The crude product showed a yield of 85% (E:Z-ratio 60:40) by NMR and 15% unreacted 
dithioester. 
1H-NMR (CDCl3): δ  0.87 (t, 3H, J=6.3Hz, CH2(CH2)14CH3), 1.25 (m, 28H, CH2(CH2)14-
CH3), 2.60 (t, 2H, J=6.9, CH2(CH2)14CH3, E-isomer), 2.94 (t, 2H, J=6.9, CH2(CH2)14CH3, Z-
isomer), 7.50 (m, Ar), 8.18 (m, 2H, Ar, E-isomer). 
 
Benzyl(methylthio) sulfine (13) 
The concentrated crude product showed a yield of 64% (E:Z-ratio 50:50) by NMR. Spectral 
data collected were in agreement with those reported in the literature[69]. 
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1-Phenylethyl(ethylthio) sulfine (14)  
The concentrated crude product showed a yield of 98% (E:Z-ratio 33:67) by NMR. Spectral 
data collected were in agreement with those reported in the literature[69]. 
 
2-propyl(methylthio) sulfine (15) 
The concentrated crude product showed a yield of 74% (E:Z-ratio 50:50) by NMR. Spectral 
data collected were in agreement with those reported in the literature[69]. 
 
Dichloro sulfine (17) 
Isolation of the crude product gave a yield of 95%. Spectral data collected were in agreement 
with those reported in the literature[70]. 
 
Phenyl(chloro) sulfine(18) 
The concentrated crude product showed a yield of 98% (E:Z-ratio 33:67) by NMR. Spectral 
data collected were in agreement with those reported in the literature[31]. 
 
Methyl trans-2,3-epoxy-2-(4-tolylsulfonyl)-3-(2,4,6-trimethylphenyl)-dithiopropionate S-oxide 
(19) 
Synthesized according to the general procedure described above. An excess of 20% DMDO 
was necessary to convert the maximum amount of dithioester. 
Evaporation of the solvent resulted in the crude product (91% by 1H-NMR). The crude 
product was crystallized from a ethyl acetate hexane mixture. After one recrystallization a 
yield of 53% was obtained as slightly yellow crystals. After 4 recrystallization steps, the yield 
was minimal but the crystals obtained were clear and slightly yellow to pink. 
mp: 168.5°C (d); 1H-NMR (CDCl3): δ  2.23 (s, 3H, -SCH3 dithioester), 2.31 (s, 3H, p-CH3 
mesityl), 2.39 (s, 6H, o-CH3 mesityl), 2.58 (s, 3H, CH3C6H4), 5.04 (s, 1H, Hβ-epoxide), 6.78 
(s, 2H, H-Ar mesityl), 7.65 (AB, 4H, CH3C6H4) ppm; 13C-NMR (DEPT, CDCl3): 
δ 16.79/20.30/21.00/21.97 (4x q, o-CH3 mesityl / p-CH3 mesityl / CH3C6H4 / CH3 dithioester), 
63.99 (d, Cβ-epoxide), 75.24 (s, Cα-epoxide), 129.84/130.00 (d, Ar-CH mesityl, 2x Ar-CH 
CH3C6H4), 123.68/131.22/136.69/136.85/146.75 (s, 3x C-Ar mesityl en 2x C-Ar CH3C6H4), 
179.27 (s, CS2Me) ppm; IR (KBr): υmax at 1325 (s, SO), 1150 (s, SO), 1118 (s, sulfine), 1030 
(s, sulfine), 1085 (m, epoxide), 908 (s, epoxide) cm-1; MS(EI) m/e: 422 (M+), 406 (M+-O), 
390 (M+-S), 374 (M+-S=O), 303 (M+-mesityl), 267 (M+-tosyl), 119 (mesityl+), 91 (trop.+ of -
CS2Me+); Elemental analysis: calculated for C20H22O4S3 (422.58): C: 56.85, H: 5.25, S: 
22.76; found: C: 56.82, H: 5.15, S: 22.00 %. For X-ray diffraction structure see chapter 5 
(compound 5c). 
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CHAPTER  3 
 
 
                 
SYNTHESIS OF SULFINES BY  
DEHYDROSILOXYLATION 
                 
 
 
 
3.1 Introduction  
 
This chapter deals with the synthesis of sulfines by base-promoted elimination reactions of 
appropriate derivatives of sulfinic acids. The best-known example of this method is the 
dehydrochlorination of sulfinyl chlorides. The first stable thioaldehyde S-oxides[1] and 
thiocarbonyl S-oxides[2] were synthesized in this manner (see chapter 1, section 1.1). A 
drawback of this method of using sulfinyl chlorides is that these starting materials are usually 
rather difficult to prepare. In the synthesis of α-oxo sulfines, this problem of obtaining the 
suitable sulfinyl chlorides is circumvented by preparing these sulfinyl chlorides in situ by a 
reaction of silyl enol ethers with thionyl chloride[4-6] (Scheme 3.1). Similarly, doubly activated 
methylene compounds were converted in situ into the required sulfinyl chlorides by reaction 
with thionyl chloride[3,7]. 
 
Besides the use of the chloride as the leaving group in the synthesis of sulfines, also other 
leaving groups have been reported. Generally, these methods have a limited scope due to 
restrictions in the variation of substituents. The elimination of alcohol from sulfinate esters 
bearing an α-hydrogen atom can result in sulfine formation[8-10], but is limited to sulfinate 
esters containing at least one aromatic group as substituent in the α-position. This limitation 
can be explained either by the low acidity of the hydrogen atom to be abstracted or by the 
instability of the sulfine to be formed. 
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Scheme 3.1 
 
 
Other leaving groups present in derivatives of sulfinic acids are amines[12], sulfones[13] and 
fluorene[14], which are eliminated by using methoxide as the base, to give the corresponding 
sulfine (Scheme 3.2). In addition, also in these cases, one of the substituents of the sulfine 
formed must be an aromatic group. 
 
MeOH S
LG
O
R1 R2
O
R2
S
R1
LG = OR, NR2,SO2Ar, 9-fluorene
R1 and/or R2 = Ar  
 
Scheme 3.2 
 
Recently, the elimination of chloroform from trichloromethyl sulfoxides resulting in the 
corresponding sulfine has been published[15,16] (Scheme 3.3, path A). In attempts to isomerize 
allylic trichloromethyl sulfoxides to vinylic trichloromethyl sulfoxides (Scheme 3.3, path B) it 
was discovered that certain substrates rather eliminate chloroform than give the [2,3] 
sigmatropic rearrangement[17]. Unsubstituted allylic trichloromethyl sulfoxides undergo a 
[2,3] sigmatropic rearrangement, whereas substituted allylic trichloromethyl sulfoxides give 
chloroform elimination to produce a sulfine. In this manner some thioaldehyde S-oxides were 
synthesized, the substituent either being a double bond or an aromatic ring. The base needed 
for this elimination process depends on this substituent present in the substrate. 
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Scheme 3.3 
 
Another more recently reported method for the synthesis thioaldehyde S-oxides is the 
elimination of the phtalimido group from the corresponding sulfinyl compounds (Scheme 
3.4)[18]. In this reaction a catalytic amount of pyridine is used as a base. The sulfine is not 
isolated but immediately trapped with a diene in a Diels-Alder reaction to give the 
dihydrothiopyran S-oxide.  
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Scheme 3.4 
 
The aim of the research, described in this chapter, is to develop a synthesis of sulfines from 
such derivatives of sulfinic acids that labile and less common sulfines can be prepared. For 
this purpose the elimination of trimethylsilanol from silyl esters of sulfinic esters 3 was 
investigated. Silyl esters are readily available by a reaction of silyl ketene acetals 2 with sulfur 
dioxide[22,23] (Scheme 3.5). Elimination of trimethylsilanol would then lead to sulfines 4 
having an ester function at the sulfine carbon atom (Scheme 3.5). 
 
This reaction resembles to some extent the modified Peterson reaction for the synthesis of 
sulfines[19-21] (Scheme 3.6), in which also trimethylsilanolate is eliminated in the sulfine 
forming step (see also chapter 1, section 1.2). The essential difference is that in the Peterson 
reaction the formation of the silicon-oxygen bond is the driving force for the elimination, 
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while in the present case the silanolate fragment as such is already present in the silyl sulfinic 
ester. 
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Scheme 3.5 
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Scheme 3.6 
 
 
3.2 Results and discussion 
 
The silyl sulfinic esters were prepared following the procedure described by Sergeev et al.[22]. 
The results are collected in Table 3.1. The yields obtained in this reaction of silyl ketene 
acetals with sulfur dioxide are in the same range as those reported by Sergeev. The substrate 
in entry 5, which contains an extra olefinic bond, does not show the desired reaction but 
instead reacts as a diene with the sulfur dioxide to give a sulfolene derivative. 
 
SO2
OSiMe3
OR2
R1
S
OR2
O
Me3SiO
O
R1
32  
 
Scheme 3.7 
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Table 3.1 Formation of silyl sulfinic esters 3 form silyl ketene acetals 2 (Scheme 3.7) 
 
Entry R1 R2 Product Yield (%) 
1 Me Me 3a 52 
2 Ph Me 3b 68 
3 PhCH2 Me 3c 65a 
4 PhCH2CH2 Me 3d 80a 
5 PhCH=CH Me 3e -b 
6 -CH2CH2- 3f 56a 
a. Determined by NMR 
b. Probably the corresponding sulfolene was formed 
 
The silyl sulfinic esters thus prepared were not all fully purified but rather used as such in the 
subsequent reaction with base. Substrate 3b was selected for testing the sulfine synthesis 
according to Scheme 3.5, for the reason that the expected sulfine 4b had been prepared 
previously and is known to be stable[24,40]. Various basic conditions were investigated. The 
results are collected in Table 3.2. These data reveal that using only a base without any other 
addendum, does not give satisfactory results. The acidity of the proton to be abstracted cannot 
be the reason for the low yield of sulfine, because this proton is positioned between two 
electron-withdrawing functions, viz. the carboxylic ester and the sulfinic ester group. A 
possible explanation may be that the reaction is in fact an equilibrium. It is known that 
alkoxides do add to the sulfine function in a thiophilic manner[25]. Therefore, one equivalent 
of trimethylsilyl chloride was added to scavenge the liberated trimethylsilanolate as bis-
trimethylsilyl ether. Gratifyingly, this modified condition resulted in a high yield of sulfine 4b 
(entry 6). 
 
It is of interest to compare the conditions used in entry 6 with those used in the synthesis of 
sulfines by the modified Peterson reaction (Scheme 3.6). In this Peterson reaction also 
trimethylsilanolate is eliminated, but there is no need for the addition of a trapping agent. It 
may be argued that also in this case addition of silanolate may occur to give a silyl sulfinic 
ester. However, such a reaction has never been observed. As a possible explanation it is 
suggested that sulfur dioxide, which normally is present in excess, serves as a trapping agent 
for the silanolate ion in the Peterson reaction. Anyway, there is a distinct difference between 
the two sulfine syntheses with regard to the eliminated silanolate ion. 
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Table 3.2 Formation of sulfine 4b from silyl sulfinic ester 3b (Scheme3.8) 
 
Entry Base Temp.(ºC) Yield (%) 
1 Et3N 0 → 20 15 
2 DIPEA 0 → 20 17 
3 2,6-lutidine 0 → 20 17 
4 DBU 0 → 20 10 
5 LDA -78 5 
6 Et3N 0 → 20 82a 
a. 1.1 equivalent of ClSiMe3 was added 
 
 
In view of the above discussion a second explanation for the effect of added trimethylsilyl 
chloride in the sulfine synthesis according to Scheme 3.8 is postulated. The initially formed 
carbanion in this elimination process may react with trimethylsilyl chloride to give a silyl α-
silyl-sulfinic ester, which, in a subsequent step, eliminates bis-trimethylsilyl ether. This 
alternative pathway is depicted in Scheme 3.9. 
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Scheme 3.9 
 
Although this sequence of events seems unlikely at this stage, some supporting evidence will 
be presented in chapter 4. 
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The other silyl sulfinic esters as shown in Table 3.1 were subjected to base treatment in the 
presence of one equivalent of trimethylsilyl chloride. The expected sulfines from entry 1, 3, 4 
and 6 are probably not sufficiently stable to allow their isolation in substance. Therefore, 
trapping of the sulfine by means of a Diels-Alder reaction with 2,3-dimethyl-1,3-butadiene to 
give 2-substituted-4,5-dihydrothiopyran S-oxides is appropriate[26]. These trapping conditions 
were again first worked out for sulfine 4b and then applied for the other compounds. The 
results are collected in Tables 3.3 and 3.4. 
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Table 3.3 Formation of dihydrothiopyran S-oxides 5 form silyl sulfinic esters 3 (Scheme 
3.10) 
 
Entry R Base Equiv. 
ClSiMe3 
Temp. (ºC) Product Yield (%) 
1 Ph Et3N - 0 5b 23 
2 Ph (i-Pr)2NH - 0 5b 28 
3 Ph Et3N 1.1 0 5b 95 
4 Me Et3N 1.1 0 5a 0 
5 Me DBU 1.1 -78 5a 27 
 
 
Treatment of silyl sulfinic ester 3b with a tertiary amine base in the presence of the trapping 
diene, but in the absence of trimethylsilyl chloride, gave a low yield of the cycloadduct 5b 
(entries 1 and 2). Assuming that the sulfine forming reaction in Table 3.3 is an equilibrium 
(vide supra) the addition of the sulfine trapping agent is clearly not effective in shifting the 
equilibrium to the sulfine side. However, addition of one equivalent of trimethylsilyl chloride 
has a remarkable beneficial effect on the yield of cycloadduct 5b (Table 3.3, entry 3). These 
optimal conditions for substrate 3b were then applied to substrate 3a, but the result was 
disappointing. No cycloadduct 5a was obtained when triethylamine was used as the base and 
with DBU cycloadduct 5a was isolated in a modest yield (27%). It should be noted that in 
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entry 5 the reaction temperature was much lower than for the reaction with triethylamine 
(entry 4). 
 
The substrates 2d and 2f and the corresponding silyl sulfinates derived therefrom, viz. 3d and 
3f, turned out to be special cases. In addition to the expected cycloadducts 5d and 5f derived 
from the sulfine 4d and 4f, respectively, products 6d and 6f were isolated (see Scheme 3.11 
and 3.12). An overview of the results is presented in Table 3.4. 
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Table 3.4 Formation of dihydrothiopyran S-oxides 5 and dihydrothiopyrans 6 in one pot 
starting from silyl ketene acetals 2 (Scheme 3.11 and 3.12) 
 
Entry Substrate Base Equiv. 
base 
Temp. (ºC) Yield 5 (%) Yield 6 (%) 
1 2d Et3N 2.2 -40 → 20 20 (5d) 25 (6d) 
2 2f Et3N 2.0 0 → 20 6 (5f) 30 (6f) 
3 2f Et3N 4.0 -40 → 20 - 24 (6f) 
4 2f DBU 1.0 -78 → 20 8 (5f) - 
5 2f DBU 2.0 -78 → 20 - <5 (6f) 
 
 
As in the case of silyl sulfinic esters 2d and 2f the yield of cycloadducts 5d and 5f was low. 
The additional products 6 have a surprising structure. They are formally derived from an α,β-
unsaturated thioketone and 2,3-dimethyl-1,3-butadiene. For the explanation of the formation 
of these unexpected products some similarity with the silicon mediated Pummerer 
rearrangement, e.g. sulfoxide with trimethylsilyl triflate[27-29], trimethylsilyl chloride[30,31] or 
silyl ketene acetal[32-35], and the sila-Pummerer rearrangement[36-38] can be envisaged. The 
precise mechanistic course of these rearrangements is still under discussion. In Schemes 3.12 
and 3.13 the mechanistic features of the silicon-mediated Pummerer reaction and the sila-
Pummerer are shown. 
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Scheme 3.12 
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In the silicon-mediated Pummerer reaction a sulfoxide is reacted with a silylating agents such 
as trimethylsilyl triflate, trimethylsilyl iodide or trimethylsilyl chloride. This leads to species 
A which then loses a proton to give either species B or the close contact ion-pair C which 
collapses to give compound D. The ultimate result is the formation of a vinyl sulfide (Scheme 
3.12).  
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Scheme 3.13 
 
In the normal Pummerer reaction, i.e. the reaction of a sulfoxide with e.g. acetic anhydride, an 
α-acetoxy sulfide (conform structure D) is the generally accepted intermediate or product. In 
the sila-Pummerer rearrangement of an α-silyl sulfoxide a migration of the silyl group takes 
place to give either species B or ion pair C, which then similarly results in the vinyl sulfide as 
the ultimate product (Scheme 3.13). 
For the conversion of a sulfine into an α,β-unsaturated thioketone it is assumed that first 
silylation of the sulfine oxygen takes place, either via the tautomeric vinylsulfenic acid 
(Scheme 3.14, pathway a) or directly followed by an α-deprotonation (pathway b). The silyl 
ester of vinylsulfenic acid then undergoes a base-induced elimination of trimethylsilanolate to 
produce the α,β-unsaturated thioketone. It cannot be excluded that the silyloxy group in the 
silyl vinylsulfenic ester migrates in analogy with the Pummerer reaction, but now in a 1,3-
fashion, to give an α-trimethylsiloxy thioketone as an intermediate which eliminates 
trimethylsilanolate to yield the unsaturated thioketone (see Scheme 3.14).  
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Scheme 3.14 
 
The formation of the unsaturated thioketone is only feasible when the sulfine contains a CH-
CH unit at the sulfine carbon atom. This condition is fulfilled for the sulfines 4d and 4f. 
To ensure that the α,β-unsaturated thione is indeed obtained from the corresponding sulfine, 
some experiments were carried out starting with sulfine 4d. This sulfine was synthesized via a 
reaction of the corresponding silyl ketene acetal with thionyl chloride and base, and 
subsequently isolated and purified by chromatography. 
Addition of trimethylsilyl chloride and 2,3-dimethyl-1,3-butadiene, followed by base, gave 
cycloadduct 5d derived from the sulfine, 6d derived from the unsaturated thione and 7d 
which is a dimer of the unsaturated thione (Scheme 3.15). The results are shown in Table 3.5.  
 
These data reveal that the formation of the unsaturated thione is rather dependent on the 
temperature. In absence of diene the thione dimer is the sole product if any. The dimers of 
various unsaturated thiones have been reported in the literature[39]. The type encountered in 
this study are unknown, however. In the case of cyclic sulfine 4f dimerisation of the α,β-
unsaturated thioketone is not possible, however, some polymeric material was observed 
instead. 
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Table 3.5 Products derived form sulfine 4d (Scheme 3.15) 
 
Entry Base Equiv. 
Base 
Equiv. 
Diene 
Temp. (ºC) Yield 5d (%) Yield 6d (%) Yield 7d (%) 
1 Et3N 4.0 8.0 -40 → 20 53 29 - 
2 Et3N 4.0 8.0 -78 → 20 30 33 6 
3 DBU 2.1 8.0 -78 41 18 10 
4 Et3N 4.0 - -78 - - - 
5 Et3N 4.0 - -78 → 20 - - 51 
6 DBU 2.1 - -78 - - <5 
 
 
 
3.3 Concluding remarks 
 
The formation of sulfines by dehydrosiloxylation can be accomplished. The preparation of the 
required starting materials, viz. silyl sulfinic esters, is limited to the use of silyl ketene acetals 
derived from carboxylic esters. The best results for the synthesis of (alkoxycarbonyl) sulfines 
are obtained, when the second sulfine substituent is an aromatic group. This is in 
correspondence with the elimination of alkoxy groups from sulfinic esters leading to sulfines 
as reported by Kice[9-14]. An essential feature of this sulfine synthesis is that the base-induced 
elimination of trimethylsilanolate must be performed in the presence of one equivalent of 
trimethylsilyl chloride as scavenging agent for the silanolate.  
When the sulfine carbon bears a CH2CH2 unit an unprecedented formation of α,β-unsaturated 
thiones was observed. In essence, these thiones are the result of the elimination of 
trimethylsilanolate from the initially formed silyl esters of vinylsulfenic acids. 
 
 
3.4 Experimental part 
 
General remarks 
IR spectra were recorded on a Perkin-Elmer 298 infrared spectrophotometer. 1H-NMR spectra 
were recorded on a Bruker AC 100 spectrometer with CHCl3 or SiMe4 as internal standard. 
13C-NMR spectra were recorded on a Bruker AC 100 spectrometer with CDCl3 as internal 
standard. Mass spectra were run on a double focusing VG 7070E mass spectrometer. Melting 
points were determined on a Reichert Thermopan microscope and are uncorrected. 
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Dichloromethane was distilled from phosphorus pentoxide, tetrahydrofuran from lithium 
aluminium hydride, diethyl ether from sodium hydride, hexane from calcium hydride, ethyl 
acetate from potassium carbonate, thionyl chloride from triphenyl phosphite, and 2,6-lutidine 
and triethylamine from potassium hydroxide pellets. Sulfur dioxide was dried by bubbling 
through concentrated sulfuric acid, followed by passing through a tower of phosphorus 
pentoxide and then through a mist filter. Glasswork was oven dried and all reactions were 
carried out in an inert atmosphere of argon. 
Column chromatography was either performed at atmospheric pressure using silica gel 60 
(Merck) or as flash column chromatography with 1.5 bar pressure using silica gel 60H 
(Merck). 
Sulfine 4d was prepared by E. Damen[40] who modified the method described by Rewinkel[4]. 
 
Synthesis of silyl ketene acetals 2 (general procedure)[41,42] 
To a solution of diisopropylamine (82 mmol) in tetrahydrofuran (200 ml) a solution of n-BuLi 
in hexane (82 mmol) was added at 0ºC with a syringe. The mixture was stirred for 15 min, 
cooled to -78oC and then the ester 1 (80 mmol) was gradually added. The mixture was stirred 
for 30 min, then quenched with trimethylsilyl chloride (120 mmol) and allowed to reach room 
temperature in 1h. The reaction mixture was concentrated under reduced pressure, pentane 
(50 ml) was added, the salt was filtered and the filtrate was concentrated under reduced 
pressure. The crude product was then distilled under reduced pressure to yield the silyl ketene 
acetals 2. All physical and spectral data were in agreement with those reported in the 
literature[41,42]. 
 
Silyl sulfinic esters 3 synthesis (general procedure)[22] 
Pure silyl ketene acetal 2 was treated without the use of solvent with sulfur dioxide at 0oC by 
bubbling through this gas for a period of 15 to 30 min; usually a slight change of color to light 
yellow was observed. Then the excess of sulfur dioxide was removed under reduced pressure 
(about 25 mm Hg). In some cases the crude product was distilled, but usually the crude 
product was used as such in the sulfine synthesis. In all cases the crude product was 
characterized by 1H-NMR spectroscopy. The silyl sulfinic ester prepared in this manner 
consists of a mixture of diastereoisomers. 
 
Trimethylsilyl 1-(methoxycarbonyl)-1-ethanesulfinate (3a) 
Starting from silyl ketene acetal 2a 3.50 g (22 mmol), after distillation of the crude product 
under reduced pressure gave 2.55 g (52%) of silyl sulfinic ester 3a (mixture of 
diastereoisomers, ratio ca. 50:50) as a slightly yellow oil (bp 72-74oC; 1 mm Hg). 
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1H-NMR (CDCl3): Isomer I: δ 0.10 (s, 9H, SiMe3), 1.21 (d, 3H, Jd = 7.7 Hz, CH3), 3.40 (t, 
1H, Jt = 7.7 Hz, CH), 3.57 (s, 3H, OCH3) ppm; Isomer II: δ 0.10 (s, 9H, SiMe3), 1.27 (d, 3H, 
Jd = 7.7 Hz, CH3), 3.46 (t, 1H, Jt = 7.7 Hz, CH), 3.57 (s, 3H, OCH3) ppm; IR (neat): ν 1730 
(C=O) cm-1. 
 
Trimethylsilyl 1-(methoxycarbonyl)phenylmethanesulfinate (3b) 
Starting from silyl ketene acetal 2b 4.00 g (18 mmol), after distillation of the crude product 
under reduced pressure gave 3.51 g (68%) of silyl sulfinic ester 3b (mixture of 
diastereoisomers, ratio ca. 67:33) as a bright yellow oil (bp 126-127oC; 0.05 mm Hg). 
1H-NMR (CDCl3): Isomer I: δ 0.00 (s, 9H, SiMe3), 3.77 (s, 3H, OCH3), 4.46 (s, 1H, CH), 
7.37 (s, 5H, Ph) ppm; Isomer II: δ 0.27 (s, 9H, SiMe3), 3.75 (s, 3H, OCH3), 4.43 (s, 1H, CH), 
7.37 (s, 5H, Ph) ppm; IR (neat): ν 1720 (C=O) cm-1. 
 
Trimethylsilyl 1-(methoxycarbonyl)-2-phenyl-1-ethanesulfinate (3c) 
Starting from silyl ketene acetal 2c, the crude reaction product was used as such in one pot 
synthesis. NMR sample taken, showed a yield of 65%.  
1H-NMR (CDCl3): δ 0.00 (s, 9H, SiMe3), 0.25 (s, 9H, SiMe3), 3.0-3.2 (m, 2H, CH2), 3.5-3.8 
(m, 1H, CH), 3.62 (s, 3H, OCH3), 7.17 (s, 5H, Ph) ppm. 
 
Trimethylsilyl 1-(methoxycarbonyl)-3-phenyl-1-propanesulfinate (3d) 
Starting from silyl ketene acetal 2d, the crude reaction product was used as such in one pot 
synthesis. NMR sample taken showed a yield of 80% of two diastereoisomers in 60:40 ratio 
(I:II).  
1H-NMR (CDCl3): δ 0.00 (s, 9H, SiMe3, isomer I), 0.17 (s, 9H, SiMe3, isomer II), 2.1-2.3 (m, 
2H, CH2, isomer I + II), 2.3-2.6 (m, 2H, CH2, isomer I + II), 3.15-3.40 (m, 1H, CH, isomer I + 
II), 3.61 (s, 3H, OCH3, isomer I), 3.63 (s, 3H, OCH3, isomer II), 7.05 (s, 5H, Ph, Isomer I + 
II) ppm. 
 
Trimethylsilyl γ-butyrolactone-α-sulfinate (3f) 
Starting from silyl ketene acetal 2f, the crude reaction product was used as such in one pot 
synthesis. NMR sample taken, showed a yield of 56% of two diastereoisomers in 67:33 ratio 
(I:II). 
1H-NMR (CDCl3): Isomer I: δ 0.26 (s, 9H, SiMe3), 2.1-2.6 (m, 2H, -COCH(SOOSiMe3)-
CH2CH2O-), 3.72 (dd, 1H, -COCH(SOOSiMe3)CH2CH2O-), 4.1-4.5 (m, 2H, -COCH-
(SOOSiMe3)CH2CH2O-) ppm; Isomer II: δ 0.29 (s, 9H, SiMe3), others equal to isomer I; 13C-
NMR (CDCl3): Isomer I: δ 0.0 (SiMe3), 18.3 (-COCH(SOOSiMe3)-CH2CH2O-), 65.6 (-
COCH(SOOSiMe3)CH2CH2O-), 68.3 (-COCH(SOOSiMe3)CH2CH2O-), 170.8 (CO); Isomer 
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II: δ 0.3 (SiMe3), 18.8 (-COCH(SOOSiMe3)CH2CH2O-), 65.9 (-COCH-(SOOSiMe3)-
CH2CH2O-), 67.3 (-COCH(SOOSiMe3)CH2CH2O-), 170.9 (CO); IR (neat, crude mixture): 
ν 1760 (m, C=O), 1255, 1330, 1375 cm-1 
 
(Methoxycarbonyl)phenyl sulfine (4b). 
A solution of silyl sulfinic ester 3b (2.0 mmol) and trimethylsilyl chloride (2.5 mmol) in 
dichloromethane (5 ml) was cooled to the temperature shown in Table 3.2. To this mixture the 
base (2.2 mmol) indicated in this Table 3.2 was gradually added using a syringe. Then the 
mixture was stirred at the indicated temperature for 2h, subsequently the mixture was allowed 
to attain room temperature. Successive extraction of the mixture with 1N HCl (2x) and water 
was followed by extraction of the aqueous layers (2x) with dichloromethane. The combined 
organic layers were dried (MgSO4) and concentrated to give the crude product. Conditions 
and yields are summarized in Table 3.2. 
 
(Methoxycarbonyl)phenyl sulfine (4b). 
1H-NMR (CDCl3): δ 3.89 (s, 3H, Me), 7.45 (m, 3H, Ph), 7.75 (m, 2H, Ph) ppm; 13C-NMR 
(CDCl3): δ 53.0 (OCH3), 126.5 and 127.0 (m-Ph and o-Ph), 129.9 (1-Ph), 131.3 (p-Ph), 163.8 
(CO), 176.5 (CSO) ppm; IR (CCl4): 1015, 1055, 1080, 1100, 1140, 1185, 1205, 1725 cm-1. 
 
Dihydrothiopyran S-oxides (5) from silyl sulfinic esters (3)(general procedure). 
A solution of (crude or purified) silyl sulfinic ester 3, trimethylsilyl chloride and 2,3-
dimethyl-1,3-butadiene in dichloromethane was cooled the temperature indicated in Table 3.3 
and Table 3.4. To this mixture the amount and base shown in this table was gradually added 
using a syringe. Then the mixture was stirred at this temperature for 2 h, and allowed to attain 
room temperature overnight. Successive extraction of the mixture with 1N HCl (2x) and water 
was followed by extraction of the aqueous layers (2x) with dichloromethane. The combined 
organic layers were dried (MgSO4) and concentrated to give the crude product. 
 
2-Methoxycarbonyl-3,6-dihydro-2,4,5-trimethyl-2H-thiopyran S-oxide (5a). 
Starting from silyl sulfinic ester 3a 0.224 g (1.0 mmol), after purification by column 
chromatography with hexane / ethyl acetate (1:3, v/v), 59 mg (27%) of a colorless oil was 
isolated. The spectral data were in agreement with those reported previously[4].  
 
2-Methoxycarbonyl-2-phenyl-3,6-dihydro-4,5-dimethyl-2H-thiopyran S-oxide (5b). 
Starting from silyl sulfinic ester 3b 0.286 g (1.0 mmol), after purification by column 
chromatography with hexane / ethyl acetate (1:1, v/v) and crystallization from light petroleum 
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ether / toluene, 0.186 g (95%) of white crystals (m.p. 123oC) were obtained. The spectral data 
were in agreement with those reported previously[4]. 
 
2-Methoxycarbonyl-2-(2-phenylethyl)-3,6-dihydro-4,5-dimethyl-2H-thiopyran S-oxide (5d) 
2-Methoxycarbonyl-2-(styryl)-3,6-dihydro-4,5-dimethyl-2H-thiopyran (6d) 
Starting from silyl ketene acetal 2d 0.80 g (3.2 mmol), 0.200 g (20%) of 5d was isolated as a 
colorless oil and 0.228 g (25%) of 6d was isolated as a colorless oil, after column 
chromatography using hexane / ethyl acetate (3:1, v/v). 
2-Methoxycarbonyl-2-(2-phenylethyl)-3,6-dihydro-4,5-dimethyl-2H-thiopyran S-oxide (5d). 
1H-NMR (CDCl3): δ 1.56 (s, 3H, CH3), 1.64 (s, 3H, CH3), 1.8-2.8 (m, 6H, CH2C=C, 
CH2CH2), 3.01 and 3.37 (ABq, 2H, JAB = 16 Hz, CH2SO), 3.53 (s, 3H, OCH3), 7.10 (s, 5H, 
Ph) ppm; 13C-NMR (CDCl3): δ 19.0 (q, CCH3), 19.9 (q, CCH3), 29.8 (t, CH2), 31.4 (t, CH2), 
35.3 (t, CCH2C=C), 49.5 (t, CH2SO), 52.1 (q, OCH3), 63.6 (s, C(O)CSO), 115.4 (d, p-C-Ar), 
125.7 (s, CCH3), 125.9 (s, CCH3), 126.0 / 126.1 (2xd, o - / m-Ar), 139.8 (s, CH2C(Ar), 170.6 
(s, C=O) ppm; IR (CCl4): ν 1735 (C=O), 1440, 1210, 1175, 1055 (S=O) cm-1; MS (EI) m/e: 
306 (M+), 290 (M+-O), 274 (M+-OMe), 257 (M+-SO), 243 (M+-SOMe), 229 (M+-Ph), 215 
(M+-CH2Ph), 91 (100%, C7H7); HRMS (EI) m/e: 306.1291±0.0012 (calc. C17H22O3S (M+): 
306.2195). 
2-Methoxycarbonyl-2-(styryl)-3,6-dihydro-4,5-dimethyl-2H-thiopyran (6d) 
1H-NMR (CDCl3): δ 1.70 (s, 3H, CH3), 1.76 (s, 3H, CH3), 2.52 and 2.93 (ABq, 2H, JAB = 16 
Hz, CH2C=C), 3.03 (bs, 2H, CH2S), 3.76 (s, 3H, OCH3), 6.25 and 6.55 (ABq, 2H, JAB = 16 
Hz, C=CPh), 7.2-7.4 (m, 5H, Ph) ppm; 13C-NMR (CDCl3): δ 19.2 (q, CCH3), 20.2 (q, CCH3), 
30.6 (t, CH2S), 39.6 (t, CCH2C=C), 52.5 (s, C(O)CS), 53.0 (q, OCH3), 122.9 (s, CCH3), 125.5 
(s, CCH3), 127.7 / 128.3 / 131.1 (3xd, p-C-Ar / CH=CH), 126.6 / 128.5 (2xd, o - / m-Ar), 
136.3 (s, CH2C(Ar), 172.5 (s, C=O) ppm; IR (CCl4): ν 1735 (C=O), 1450, 1435, 1230, 965 
cm-1; MS (EI) m/e: 288 (M+), 256 (M+-S), 241 (M+-SMe), 229 (M+-COOMe); HRMS (EI) 
m/e: 288.1185±0.0010 (calc. C17H20O2S (M+): 288.1184). 
 
2-(2'-spiro-butyrolactone)-3,6-dihydro-4,5-dimethyl-2H-thiopyran S-oxide (5f) 
2-(2'-spiro-3'-butenolide)-3,6-dihydro-4,5-dimethyl-2H-thiopyran (6f) 
Starting from silyl ketene acetal 2f 0.316 g (2.0 mmol), 0.026 g (6%) of 5f was isolated as 
white crystals (m.p. 146-147oC) and 0.128 g (30%) of 6f was isolated as a colorless oil, after 
column chromatography using hexane / ethyl acetate (3:1, v/v). 
2-(2'-spiro-butyrolactone)-3,6-dihydro-4,5-dimethyl-2H-thiopyran S-oxide (5f). 
1H-NMR (CDCl3): δ 1.74 (s, 6H, CH3), 2.0-3.2 (m, 2H, CH2CH2O, 2H, CH2C=C, right-hand 
part of ABq, 1H, CH2S(O)), 3.57 (left-hand part of ABq, 1H, JAB = 16.2 Hz, CH2S(O)), 4.38 
(dt, 2H, Jt = 7.2, Jd = 2.5 Hz, CH2O) ppm; 13C-NMR (CDCl3): δ 19.4 (q, CH3), 19.8 (q, CH3), 
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25.6 (t, CH2CH2O), 37.2 (t, CH2C=C), 51.7 (t, CH2S(O)), 62.7 (s, C(O)CS(O)), 66.0 (t, 
CH2O), 116.2 (s, C=CCH2S(O)), 125.8 (s, C=CCH2S(O)), 174.8 (s, C=O) ppm; IR (KBr): ν 
1755 (C=O), 1190 (C-O), 1055 (S=O), 1020 cm-1; MS (EI) m/e: 214 (M+), 198 (M+-O), 166 
(M+-SO), 151 (M+-CH3SO), 138 (100%, M+-COSO); HRMS (EI) m/e: 214.0663 ± 0.0010 
(calc. C10H14O3S (M+): 214.0664); Elemental analysis: calculated for C10H14O3S (214.28): C 
56.06, H 6.59, O 22.42, S 14.94; found: C 55.75, H 6.41, O 22.96, S 14.88. 
2-(2'-spiro-3'-butenolide)-3,6-dihydro-4,5-dimethyl-2H-thiopyran (6f). 
1H-NMR (CDCl3): δ 1.71 (s, 3H, CH3), 1.81 (s, 3H, CH3), 2.40 (s, 2H, CH2C=C), 2.95 and 
3.66 (ABq, 2H, JAB = 16.8 Hz, CH2S), 6.55 (d, 2H, Jd = 3.5 Hz, CH=CHO), 6.86 (d, 2H, Jd = 
3.5 Hz, CHO) ppm; 13C-NMR (CDCl3): δ 19.3 (q, CH3), 19.9 (q, CH3), 29.1 (t, CH2S), 37.1(t, 
CH2C=C), 45.2 (s, C(O)CS), 65.0 (t, CH2O), 113.0 (d, CH=CHO), 123.2 / 123.3 (2 x s, 
C=CCH2S / C=CCH2S), 142.8 (d, CH=CHO), 176.0 (s, C=O) ppm; IR (CCl4): ν 1795 (C=O), 
1165, 1145, 1120, 1055 cm-1; MS (EI) m/e: 196 (M+), 164 (M+-S), 149 (M+CH3S); HRMS 
(EI) m/e: 196.0558±0.0010 (calc. C10H12O2S (M+): 196.0558). 
 
Sulfine 4d under "Pummerer conditions". 
Sulfine 4d 448 mg (2 mmol) was dissolved in dichloromethane (5 ml) and trimethylsilyl 
chloride 1.0 ml (8 mmol) was added. The reaction mixture was cooled to the temperature 
indicated in Table 3.5 and then 2,3-dimethyl-1,3-diene (1 ml, 8 mmol) was added; 
immediately thereafter, the base was gradually added using a syringe. The mixture was stirred 
for 1h and then quenched with 1N HCl or allowed to attain room temperature and then 
quenched with 1N HCl, (Table 3.5). The reaction mixture was then washed with 1N HCl and 
water, and the combined aqueous layers were washed with dichloromethane (2x). The 
combined organic layers were dried (MgSO4), filtered and concentrated to give the crude 
product. 
 
3,6-Bis(methoxycarbonyl)-3-(styryl)-4-phenyl-3,4-dihydro-1,2-dithiin (7d). 
After column chromatography with hexane / ethyl acetate (6:1, v/v) 210 mg (51 %) of 7d was 
isolated as an orange/red oil as a mixture of diastereoisomers (ratio I:II 2.5:1) 
1H-NMR (CDCl3): Isomer I: δ 3.47 (s, 3H, OCH3), 3.78 (s, 3H, OCH3), 4.22 (d, 1H, Jd = 5.9 
Hz, CH=C), 6.25 / 6.63 (ABq, 2H, JAB = 16 Hz, CH=CHPh), 7.0-7.4 (m, 6H, CH=C, Ph) 
ppm; Isomer II: δ 3.81 (s, 3H, OCH3), 3.87 (s, 3H, OCH3), 4.56 (d, 1H, Jd = 5.6 Hz, CH=C), 
5.65 / 6.51 (ABq, 2H, JAB = 16 Hz, CH=CHPh), 7.0-7.4 (m, 6H, CH=C, Ph) ppm; 13C-NMR 
(CDCl3): δ 47.3* and 47.9+ (d, CHPh), 52.6* and 53.5+ (q, OCH3), 59.9+ and 61.2* (s, 
C(O)CS), 124.8, 125.9, 126.2, 126.4, 126.7, 127.3, 127.8, 127.9, 128.1, 128.2, 128.3, 128.4, 
128.5, 130.7, 131.2, 133.1, 133.8, 135.5, 135.7, 137.6, 137.8, 139.6, 163.7* and 163.7+ (s, 
C=CC(O)), 169.7* and 170.7+ (s, C=O) ppm. (* and +: probably of Isomer I and II 
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respectively); IR (CCl4): ν 1725 (C=O), 1430, 1230, 1175, 1045 cm-1; MS (EI) m/e: 412 (M+), 
380 (M+-S of -O2), 350 (M+-2x OMe), 348 (M+-S2 of -SO2 of -O4), 206 (monomer: 
PhCH=CHC(S)C(O)OMe); HRMS (EI) m/e: 412.0805±0.0016 (calc. C17H22O3S (M+): 
412.0803). 
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CHAPTER  4 
 
 
                 
SULFINE FORMATION BY NON-BASE  
PROMOTED ELIMINATION REACTIONS 
                 
 
 
 
4.1 Introduction  
 
The synthesis of sulfines has been briefly reviewed in chapter 1. One of the most frequently 
used method is the oxidation of the corresponding thiocarbonyl compound[1,2] (see also 
chapter 2). This method has its limitations in the availability of these thiocarbonyl 
compounds. Another general approach to the synthesis of sulfines involves the elimination of 
an appropriate fragment from sulfinyl compounds, as is depicted in Scheme 4.1. 
 
R1
S
O
R2
S
X O
R2
R1
H
base
- HX
X= e.g. Cl, CCl3, OEt, NPhtalate (see Chapter 3) 
 
Scheme 4.1 
 
In this elimination reaction a base is employed to generate an α-sulfinyl carbanion in the first 
step. Some specific examples are shown in Scheme 4.2. In the dehydrochlorination (Scheme 
4.2, line a) and the dehydrosiloxylation (Scheme 4.2, line b) respectively chlorine and 
trimethylsilanolate are the actual leaving group. As has been outlined in chapter 3, addition of 
trimethylsilyl chloride as a scavenging agent is very beneficial for the success of the 
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dehydrosiloxylation. In the modified Peterson reaction the essential intermediate is an α-silyl 
substituted sulfinate anion, which spontaneously eliminates trimethylsilanolate to give the 
sulfine (Scheme 4.2, line c). 
 
S
O O
Me3Si R2R1
R1
S
O
R2
- Me3SiOMe3Si R2R1
H 1. base
2. SO2
S
Me3SiO O
R2
R1
R1
S
O
R2
- O(SiMe3)2
S
Me3SiO O
R2
R1
H
base
Dehydrosiloxylation
Modified Peterson olefination
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S
Cl O
R2
R1
R1
S
O
R2
S
Cl O
R2
R1
H
base
Dehydrochlorination
(b)
-HCl
 
 
Scheme 4.2 
 
 
In all the above-mentioned elimination methods for the preparation of sulfines, a base is 
needed to trigger the reaction. These basic conditions may be problematic during the isolation 
of less stable or base sensitive sulfines. The aim of the research described in this chapter is to 
investigate elimination reactions leading to sulfines, which do not require base in the initial 
steps, thus allowing the isolation of less stable sulfines. One possibility to achieve this goal 
would be replacing the α-sulfinyl hydrogen atom by a trimethylsilyl group and then initiate 
the elimination by a fluoride ion. In this approach the silyl group fulfils the roll of a quasi-
proton. By doing this replacement, two potential sulfine syntheses are conceivable, namely 
the desilylsiloxylation (Scheme 4.3, line a) and the desilylchlorination (Scheme 4.3, line b). 
Both methods give volatile inreactive by-products, namely bis(trimethylsilyl) ether and 
trimethylsilyl chloride, respectively, which should facilitate the isolation of the sulfine. 
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Scheme 4.3 
 
In the literature there are several precedents of elimination reactions which are triggered by a 
reaction of a silyl group with a fluoride ion. Examples are the β-elimination of trimethylsilyl 
chloride[3-5] and bis(trimethylsilyl) ether[6,7] to give olefins. The formation of a vinyl thioether, 
as shown in Scheme 4.4, proceeds via elimination of trimethylsilyl chloride[3-5]. 
 
Ar
S
SiMe3
Cl Ar
S
F
TBAF
 
Scheme 4.4 
 
The preparation of α,β-unsaturated carboxylic esters can be achieved by elimination of 
bis(trimethylsilyl) ether as is depicted in Scheme 4.5. The required precursor was obtained by 
a reaction of bis(trimethylsilyl) ketene acetal with an aldehyde under zinc bromide catalysis.  
 
OSiMe3
OSiMe3
Me3Si R
Me3SiO
SiMe3
RRCHO
ZnBr2
OSiMe3
O
OSiMe3
O
 
 
Scheme 4.5 
 
An interesting elimination reaction involving a trimethylsilyl methyl ether is shown in 
Scheme 4.6. The intermediate ketene acetal undergoes a cyclo-elimination under FVT 
conditions. When the geometry of the ketene acetal is opposite, the elimination of 
bis(trimethylsilyl) ether can be envisaged to lead to the corresponding methyl ester. In section 
4.5, the mechanism of this elimination reaction will play a role in explaining the course of the 
sulfine forming reaction. 
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Scheme 4.6 
 
The eliminative formation of carbon-heteroatom double bond is scarcely mentioned in the 
literature. For the formation of a carbon-sulfur double bond two pathways have been 
considered, namely thermal elimination and fluorodesilylation. Ricci et al.[10] described the 
preparation of bis(trimetylsilyl) thioketone by elimination of trimethylsilyl bromide by 
heating (Scheme 4.7). In a review[11] it is suggested that this elimination proceeds by a 
bromide ion induced desilylation, followed by α,β-elimination of the bromide ion to give the 
carbon sulfur double bond. However, there were some difficulties with reproducing this 
reaction[11].  
 
S S
Me3Si SiMe3Me3Si SiMe3SiMe3
Br
-BrSiMe3
∆
 
 
Scheme 4.7 
 
Fluorodesilylation followed by subsequent elimination of a β-positioned leaving group is a 
useful synthetic method to prepare a double bond[12]. This is also a general method for the 
formation of carbon-sulfur double bonds[11]. The leaving group, which is attached at the sulfur 
atom, is in most cases a chloride ion[13-15], but also sulfides[16], sulfoxide[17], sulfonates[13,15] 
and an ethoxide[18] are reported. The synthesis of simple molecules such as the parent sulfene, 
simply substituted sulfenes and even the parent sulfine can be performed in such a manner 
(Scheme 4.8). The thus obtained sulfines and sulfenes were all trapped in situ with e.g. 
cyclopentadiene. It is assumed that these reactions start by carbanion formation via a 
fluorodesilylation, after which a β-elimination of the chloride takes place. 
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Scheme 4.8 
 
Block et al.[11] proposed a hydroxide ion initiated silicon-carbon bond cleavage reaction for 
the carbon-sulfur double bond formation shown in Scheme 4.9. The sulfene thus obtained 
immediately reacts with water to give methanesulfonic acid[19-21]. 
 
H2C=SO2 H3CSO3
OH H2OMe3Si S Cl
O O
 
 
Scheme 4.9 
 
The preparation of sulfines following the same approach resulted in the isolation of the 
trapped parent sulfine (Scheme 4.10). The synthesis of functionalized α-silyl sulfinyl chloride 
stranded, due to facile carbon-silicon bond cleavage under chlorination conditions[13]. 
 
2. Cl2, Ac2O
Me3Si Cl
Me3Si S
Cl1. AcSK
O
S
O
H H
F S
O
 
 
Scheme 4.10 
 
This difficulty is related to problems encountered in preparing suitable substituted sulfinyl 
chlorides for the dehydrochlorination approach for the synthesis of the sulfines (see also 
chapter 1, section 1.2)[1]. For the α-oxo sulfines this problem was overcome by an in situ 
generation of the required sulfinyl chlorides[22,23]. In conformity herewith, it is suggested to 
try also the in situ preparation of the α-silyl sulfinyl chloride 4 by employing appropriate silyl 
substituted silyl enol ethers. If successful this option would lead to an alternative synthesis of 
α-oxo sulfines. 
 
The α-silyl sulfinic acid silyl esters 5 needed for the desilylsiloxylation process (see 
retrosynthetic Scheme 4.11) are probably best accessible by a reaction of α-silyl ketene silyl 
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acetals 3 with sulfur dioxide. In this manner sulfines can be prepared having an ester function 
at the sulfine carbon atom. 
The strategy for the synthesis of α-oxo sulfines 6 using the desilylsiloxylation and the 
desilylchlorination is depicted in Scheme 4.11 in a retrosynthetic fashion. The results of these 
approaches to the synthesis of sulfines will be reported in this chapter. 
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Scheme 4.11 
 
 
4.2 Synthesis α-silyl ketene silyl acetals 
 
The most promising method for the preparation of α-silyl sulfinic silyl esters 5 and the α-silyl 
sulfinyl chlorides 4 probably involve the use of α-silyl ketene silyl acetals as already outlined 
in Scheme 4.11. Some of the desired α-silyl ketene silyl acetals can be obtained directly from 
the corresponding esters by introduction of both silyl groups in one synthetic operation (one-
pot synthesis)[24-27]. The most attractive prospects are expected from the ketene acetals derived 
from γ-and δ-lactones[24,25]. Simple treatment of five- and six-membered ring lactones with 
trimethylsilyl triflates in the presence of triethylamine smoothly leads to the introduction of 
both silyl groups in good yields (Scheme 4.12). The results of the preparation of these starting 
materials are collected in Table 4.1. 
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Scheme 4.12 
 
Table 4.1 Formation of α-silyl ketene silyl acetals 3 (Scheme 4.12) 
 
Entry n R Product Yield (%) 
1 0 H 3a 88 
2 0 Me 3b 86 
3 1 H 3c 78 
 
The synthesis of other α-silyl ketene silyl acetals needs a different approach. Here the α-silyl 
group is introduced via an organozinc compound as is shown in Scheme 4.13. In fact, it is 
necessary to introduce the silyl group at the carbon atom prior to the formation of the silyl 
ketene acetal. This α-silylation cannot be achieved via initial deprotonation and subsequent 
treatment with trimethylsilyl chloride, due to the preferred formation of O-silylated products 
in this manner[28,29]. Such problems do not arise when an organozinc compound is used 
(Scheme 4.13). 
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SiMe3
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Scheme 4.13 
 
The other type of starting material, namely the α-silyl sulfinic silyl esters 5, can conveniently 
be prepared by a reaction of sulfur dioxide with α-silyl ketene silyl acetals (Scheme 4.11). 
This reaction closely resembles that of normal silyl ketene acetals with sulfur dioxide, as 
described in chapter 3. 
Sergeev et al.[30] already reported the formation of two α-trimethylsilyl sulfinic trimethylsilyl 
esters via the reaction of α-trimethylsilyl ketene trimethylsilyl acetals with sulfur dioxide. 
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However, they were unable to purify these compounds by distillation. Only the 
protodesilylation was mentioned, which occurred during attempts to distill the α-
trimethylsilyl sulfinic trimethylsilyl esters. This protodesilylation led to the formation of 
sulfinic trimethylsilyl esters and concurrent elimination of bis(trimethylsilyl) ether, as 
depicted in Scheme 4.14. No sulfine formation was reported. 
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Scheme 4.14 
 
A more stable α-silyl sulfinic silyl ester was obtained by Sergeev et al.[30] when an α-
triethylsilyl ketene trimethylsilyl acetal was treated with sulfur dioxide. In this case, see 
Scheme 4.15, the product could be purified by distillation. 
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Scheme 4.15 
 
Our attempts for isolating the α-silyl sulfinic silyl esters 5 are summarized in the next 
paragraph. 
 
 
4.3 Sulfine formation by desilylsiloxylation 
 
The starting materials derived from γ- and δ-lactones (see Table 4.1) were brought into 
reaction with sulfur dioxide. In the first experiments no solvents were used. It was hoped that 
the α-silyl sulfinic silyl esters 5 could be isolated (Scheme 4.16). The results are collected in 
Table 4.2. 
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Scheme 4.16 
 
Table 4.2 Synthesis of α-oxo sulfines via desilylsiloxylation (Scheme 4.16) 
 
Entry n R Product Yield (%) 
1 0 H 5a, 6aa 70 (5a), 30 (6a)c 
2 0 Me 5b, 6ba 60 (5b), 40 (6b)c 
3 1 H 6cb 59d 
a. Partial sulfine formation observed, heating results in the formation of the corresponding 
lactones 2a and 2b, respectively. 
b. Direct sulfine formation, 1 regioisomer 
c. Yield determined by NMR 
d. 40% of the corresponding lactone 2c was isolated probably due to hydrolysis of the sulfine 
 
For the γ-lactone derived substrates the desired α-silyl silyl sulfinates could indeed be isolated 
in a very good yield, although already a substantial amount of sulfine was formed. The 
amount of sulfine shown by NMR depended strongly on the amount (time) of sulfur dioxide 
addition. (entry 1 and 2, Table 4.2). These products could readily be characterized by 1H-
NMR spectroscopy. Attempts to purify these silyl sulfinates 5 by distillation under reduced 
pressure failed. Thermal elimination of bis(trimethylsilyl) ether was also attempted in order to 
obtain the sulfine (see Scheme 4.16), but also this reaction was not successful. In both cases 
the corresponding starting γ-lactone was obtained, along with some polymerized material. The 
thermal elimination was also attempted under flash-vacuum-thermolysis conditions, but again 
the result was negative. 
The starting material 3c derived from δ-valerolactone showed an entirely different behavior 
when brought into reaction with sulfur dioxide (entry 3, Table 4.2). The expected α-silyl 
sulfinic silyl ester 5c could not be isolated, but instead a moderate yield of sulfine 6c was 
obtained, along with ca. 40% of δ-valerolactone, probably arising from hydrolysis of sulfine 
6c. Immediately after the introduction of sulfur dioxide into the neat starting material, two 
layers appeared, viz. a colorless top layer consisting of bis(trimethylsilyl) ether and a slightly 
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yellow-red bottom layer which turned out to contain the α-oxo sulfine derived from δ-
valerolactone. It was found that this elimination of bis(trimethylsilyl) ether from the α-silyl 
silyl sulfinates already takes place at a temperature as low as 0ºC.  
 
The contrasting behavior of the five- and the six-membered ring derived substrates 3 can 
possibly be explained by the difference in ring strain in the respective lactones. Five-
membered rings prefer endocyclic double bonds, whereas six-membered rings show 
preferences for exocyclic double bonds. Thus, the sulfine formation in the case of the six-
membered ring substrate may be facilitated much more than for the five-membered ring 
counterpart. Further aspects of this reaction will be given in section 4.5 were the mechanistic 
course will be discussed in more detail. 
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Scheme 4.17 
 
The starting material 3d derived from ethyl acetate gave upon treatment with sulfur dioxide at 
0ºC only a slight change in color. After removal of the excess of sulfur dioxide under reduced 
pressure the main product was α-silyl sulfinic silyl ester 5d as was established by 1H-NMR 
spectroscopy. This product was stable at room temperature when carefully excluded from 
moisture. The attempted elimination of bis(trimethylsilyl) ether did not meet with the desired 
success: no sulfine formation could be achieved.  
 
In the above-mentioned experiments, no trapping agent for the sulfine was added as it was 
hoped that the sulfines would be sufficiently stable to allow their isolation as such. It was 
decided to perform also experiments in the presence of 2,3-dimethyl-1,3-butadiene which is a 
very effective trapping agent for sulfines. In such trapping experiment the formation of the 
sulfines can be ascertained through their cycloadducts[1,2,31]. 
The first series of experiments were carried out with the α-silyl ketene silyl acetals derived 
from γ- and δ-lactones (substrate 3), whereby 2,3-dimethyl-1,3-butadiene was added as 
trapping agent. However, a complicating factor is that sulfur dioxide also readily reacts with 
dimethylbutadiene to give 3,4-dimethyl-3-sulfolene. To prevent this formation of this 
sulfolene the excess of sulfur dioxide was removed before the diene was added. It is thereby 
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assumed that the lifetime of the sulfine will be sufficiently long for the trapping reaction. The 
results are collected in Table 4.3. 
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Scheme 4.18 
 
Table 4.3 Synthesis of cycloadducts of α-oxo sulfines via desilylsiloxylation (Scheme 
4.18) 
 
Entry n R Temp.(ºC) Yield 7 (%) Yield 8 (%) 
1 0 H 20 25 (7a) 0 
2 0 H 40 40 (7a) 0 
3 0 Me 20 47 (7b) 0 
4 1 H 20 13 (7c) 5 (8c) 
 
 
The remarkable observation is that now the sulfine adduct derived from the five-membered 
ring lactone is obtained, albeit in a moderate yield. Apparently, this sulfine is not stable 
enough to allow its isolation, however, its lifetime is long enough for the removal of the 
excess of sulfur dioxide followed by the trapping reaction. It is assumed that upon reaction 
with sulfur dioxide the α-silyl sulfinic silyl ester 5a is obtained and that in the presence of 
diene the elimination reaction takes place. It should be noted that the crude yield of the 
cycloadduct 7 is considerably higher than that of the pure product due to decomposition 
during column chromatography. The yield of product from the reaction at 40ºC is somewhat 
higher than that obtained at room temperature. This may be indicative of a better elimination 
of bis(trimethylsilyl) ether at somewhat higher temperatures. In the case of the δ-
valerolactone derived substrates the yield of cycloadduct 7 was disappointingly low. This is 
probably due to the decomposition of the adduct during chromatography. Moreover, sulfine 
formation already takes place during the treatment with sulfur dioxide and it may be that this 
sulfine decomposes before the Diels-Alder reaction can take place. 
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In addition to cycloadduct 7c also a minor amount of 8c was isolated. The formation of this 
product will be explained further on. 
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Scheme 4.19 
 
The reaction of α-silyl silyl sulfinate 5d was also attempted in the presence of 2,3-dimethyl-
1,3-butadiene (Scheme 4.19). In this case the elimination of bis(trimethylsilyl) ether could 
only be accomplished when the reaction mixture in chloroform or benzene was heated under 
reflux overnight. In this manner the cycloadduct 7d was obtained in 73% yield (determined by 
1H-NMR). During the purification procedure considerable loss of material had to be accepted. 
Eventually only 9% of pure product was obtained. 
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Scheme 4.20 
 
Table 4.4 Synthesis of cycloadducts of α-oxo sulfines via desilylsiloxylation (Scheme 
4.20) 
 
Entry n R Equiv. 
Et3N 
Equiv. 
Me3SiCl 
Temp.(ºC) Yield 7 (%) Yield 8 (%) 
1 0 H 4.0 - 10 30 (7a) 5 (8a) 
2 0 H 4.0 4.0 0 19 (7a) 46 (8a) 
3 0 Me 4.0 4.0 0 29 (7b) 18 (8b) 
 
Keeping in mind the finding described in chapter 3 (Scheme 3.14), it should be possible to 
convert the initially formed sulfine into an α,β-unsaturated thioketone prior to its 
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cycloaddition. For this purpose, the α-silyl ketene acetal 3a and 3b derived from δ-lactones 
was treated with sulfur dioxide at 0ºC to give respectively the α-silyl silyl sulfinate 5a and 5b 
which then was brought into reaction with 2,3-dimethyl-1,3-butadiene in the presence of 
triethyl amine and trimethylsilyl chloride. Under these conditions a mixture of products 
respectively 7a (the sulfine adduct) and 8a (the cycloadduct of the α,β-unsaturated 
thioketone) or 7b and 8b were isolated, be it in moderate yields (see Table 4.4). These results 
show that the extra trimethylsilyl chloride has a beneficial effect on the yield. The formation 
of the α,β-unsaturated thioketone is explained in Scheme 4.21. 
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Scheme 4.21 
 
The conditions for this reaction are rather critical. When, for example, triethylamine was 
added before the trapping diene, the reaction mixture turned black immediately, to give 
complex products among which dimers of the α,β-unsaturated thioketone. 
The product 8c as shown in Table 4.3 entry 4, can be explained similarly, in spite of the fact 
that no base or extra trimethylsilyl chloride was present. 
 
 
4.4 Sulfine formation by desilylchlorination 
 
In the desilylchlorination reaction trimethylsilyl chloride is eliminated, as already indicated in 
Scheme 4.3. Such a double bond formation was encountered earlier in the Nijmegen Research 
Group, namely during the attempted reaction of the α-silyl ketene silyl acetal derived from 
ethyl acetate with thionyl chloride in the presence of a tertiary base and 2,3-dimethyl-1,3-
butadiene[32,33]. At that time cycloadduct 9d was the expected product. However, product 7d 
was obtained instead, in a yield of 39%. This result was explained by assuming the initial 
formation of the expected cycloadduct, followed by a protodesilylation during work-up. 
 
65 
Chapter 4 
                                                                                                                                                        
S
O
H
EtO
O
H
SiMe3
OEt
OSiMe3
S
O
SiMe3
EtO
O
Protodesilylation
2,6-lutidine
S
EtO
O
Sila-Pummerer reaction
9d
10d 7d
3d
SOCl2
SiMe3
S
O
O
EtO
 
Scheme 4.22 
 
Originally[22,23], the silyl group was built-in in order to facilitate the sila-Pummerer reaction to 
give the thiopyran 10d upon reaction of the cycloadduct with thionyl chloride. Indeed, when 
two equivalents of thionyl chloride were employed thiopyran 10d was isolated in 98% yield. 
Two equivalents of thionyl chloride were needed for this reaction, one for the sulfine 
formation and one for the sila-Pummerer reaction. In view of the results obtained in the 
present chapter, now an alternative explanation is proposed. It is quite well possible that the 
initial reaction is not a dehydrochlorination reaction but a desilylchlorination to produce 
ethoxycarbonyl sulfine, which then reacts with diene to give cycloadduct 7d. In other words, 
cycloadduct 9d is no intermediate at all. The thiopyran 10d is then the result of a normal 
Pummerer reaction starting from intermediate 7d upon reaction with the second equivalent of 
thionyl chloride (Scheme 4.23). 
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Scheme 4.23 
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This proposal can be substantiated by investigating the reaction of cycloadduct 7d with 
thionyl chloride or other Pummerer conditions. 
 
The α-silyl ketene silyl acetals derived from lactones (substrate 3) were similarly treated with 
thionyl chloride, however in the absence of a base. It was found that the cleanest reaction 
takes place when thionyl chloride was added to the α-silyl ketene silyl acetal at -78ºC and 
then allowing the temperature to rise slowly to ambient temperature. The first step in this 
reaction is the formation of sulfinyl chloride 4 having the required trimethylsilyl group at the 
α-position. This precursor then spontaneously eliminates trimethylsilyl chloride to give the 
lactone derived sulfine 6 (Scheme 4.24). The results are collected in Table 4.5. The data show 
that sulfines are obtained in gratifyingly high yields. The inverse addition (method B) also 
gives high yields, although there are more side-products present. 
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Scheme 4.24 
 
Table 4.5 Synthesis of α-oxo sulfines via desilylchlorination (Scheme 4.24) 
 
Entry n R Methoda Product Yield (%)b 
1 0 H A 6a 94 
2 0 H B 6a 96 
3 0 Me A 6b 90 
4 0 Me B 6b 94 
5 1 H A 6c 90 
6 1 H B 6c 98 
a. Two methods have been applied: 
Method A: Addition of SOCl2 to a mixture of the α-silyl ketene silyl acetal in CH2Cl2 
Method B: Addition of a solution of the α-silyl ketene silyl acetal in CH2Cl2 to a mixture of 
SOCl2 in CH2Cl2 
b. Direct sulfine formation, 1 regioisomer 
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It is relevant to note that these sulfines 6a-c cannot be isolated using the conventional α-oxo 
sulfine synthesis involving the treatment of the corresponding silyl enol ether with thionyl 
chloride in the presence of a tertiary base such as triethylamine or diisopropylethyl amine. 
Furthermore, methods A and B are successful in the present case, while in the 
dehydrochlorination approach only the order of addition method B (addition of silyl enol 
ether to an excess of thionyl chloride) gives satisfactory results. Apparently, the mild 
conditions and the extremely mild work-up, i.e. only removal of the volatiles, can account for 
the fact that the lactone derived sulfines can be isolated in the desilylchlorination process. 
It is also important to note that the desilylchlorination is successful for the five-membered as 
well as the six-membered ring lactones, in contrast to the desilylsiloxylation that only 
proceeds well in the latter case (see section 4.3). The proposed intermediate sulfinyl chlorides 
4 could not be isolated, but this is not surprisingly because these species are extremely 
reactive and prone to undergo an elimination reaction to give the sulfines 6. 
  
The reaction of the α-silyl ketene silyl ketene acetal 3d derived from ethyl acetate with 
thionyl chloride was not as clean as those of the lactone derived starting materials. After the 
addition of thionyl chloride at –78ºC (method A) the starting materials were already 
consumed, even the smell of the expected sulfine was noticed. However, it was impossible to 
isolate the desired sulfine, nor to identify the product by 1H-NMR spectroscopy. Monitoring 
of the reaction with NMR showed the rapid disappearance of the trimethylsilyl proton signals, 
suggesting that the elimination indeed had taken place. However, all isolation attempts were 
in vain. 
 
For the sake of comparison the reaction of the lactone-derived α-silyl ketene silyl acetals 3 
with thionyl chloride was also performed in the presence of 2,3-dimethyl-2,3-butadiene as an 
in situ trapping agent for the sulfine. Here the diene can be added together with thionyl 
chloride. There is no complicating factor as in the case of the reaction with sulfur dioxide 
which itself reacts with the diene. The results of reactions in the presence of the diene are 
collected in Table 4.6. 
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Table 4.6 Synthesis of cycloadducts of α-oxo sulfines via desilylchlorination (Scheme 
4.25) 
 
Entry n R Methoda Yield 7 (%) Yield 11 (%) 
1 0 H A 68 (7a) 18 (11a) 
2 0 H B 95 (7a) 0 (11a) 
3 0 Me A 79 (7b) 13 (11b) 
4 0 Me B 96 (7b) 0 (11b) 
5 1 H A 43 (7c) 21 (11c) 
6 1 H B 98 (7c) 0 (11c) 
a. Two methods have been applied: 
Method A: Addition of SOCl2 to a mixture of the silyl ketene acetal and 2,3-dimethyl-1,3-
butadiene in CH2Cl2 
Method B: Addition of a solution of the silyl ketene acetal in CH2Cl2 to a mixture of 2,3-
dimethyl-1,3-butadiene and SOCl2 in CH2Cl2 
 
 
The expected cycloadducts 7 were obtained in satisfactory to excellent yields. Interestingly, in 
half of the cases studied an additional product was isolated, namely the deoxygenated 
cycloadducts 11. It should be noted that only method A, i.e. addition of the silyl ketene acetal 
to a mixture of diene and thionyl chloride, gives these by-products. These cycloadducts 
formally arise from cycloadducts of the corresponding thioketone and the diene. Its formation 
can be explained tentatively as depicted in Scheme 4.26. 
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The reaction of the α-silyl ketene silyl acetal 3d derived from ethyl acetate was also 
performed with thionyl chloride in the presence of trapping 2,3-dimethyl-1,3-butadiene. The 
conditions for this reaction are rather tricky. These experiments are summarized in Table 4.7. 
It appeared that a brief treatment at –18ºC gives the best results, that is the formation of 
cycloadduct 7d and the corresponding thiopyran 10d. When thionyl chloride is added to the 
α-silyl ketene silyl acetal, no sulfine formation could be observed. Possibly, the intermediate 
sulfinyl chloride or the sulfine itself reacts with thionyl chloride, which causes deviating 
reactions. 
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Table 4.7 Synthesis of cycloadducts of α-oxo sulfines via desilylchlorination (Scheme 
4.27) 
 
Entry Methoda Temp (ºC) Time Yield 7d (%) Yield 10d (%) 
1 A - 78 → 20 4 h - - 
2 A -18 → 20 2 h - - 
3 B -18 → 20 4 h - 79 
4 B -18 10 min 46 37 
a. Two methods have been applied: 
Method A: Addition SOCl2 to a mixture of the silyl ketene acetal and 2,3-dimethyl-1,3-
butadiene in CH2Cl2 
Method B: Addition of a solution of the silyl ketene acetal in CH2Cl2 to a mixture of 2,3-
dimethyl-1,3-butadiene and SOCl2 in CH2Cl2 
 
The formation of the thiopyran 10d can be readily explained by invoking a Pummerer 
reaction of the cycloadduct as already illustrated in Scheme 4.22. 
The Pummerer reaction of cycloadduct 7d was investigated somewhat further. Unexpectedly, 
treatment of this cycloadduct 7d with trimethylsilyl chloride at room temperature led to the 
formation of thiopyran 10d in an excellent yield (Scheme 4.28). This implies that the 
Pummerer product, which was obtained as a second product in the reaction of the ketene silyl 
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acetal with thionyl chloride, can also be explained by the reaction of the cycloadduct with 
trimethylsilyl chloride liberated during the reaction. 
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Scheme 4.28 
 
Finally, some experiments with the α-silyl ketene silyl acetal 3 were conducted in the 
presence of a tertiary amine base and trimethylsilyl chloride (Scheme 4.27, Table 4.8). 
In the presence of trimethylsilyl chloride but in the absence of any base, starting from α-silyl 
ketene silyl acetal 3a, the major product is the cycloadduct 7a along with a small percentage 
of the deoxygenated cycloadduct 11a (Table 4.8, entry 1). This result is in line with that 
shown in entry 1 in Table 4.6. When the tertiary amine is present however, starting from α-
silyl ketene silyl acetal 3b and 3c, the only products that could be isolated were respectively 
the cycloadducts 8b and 8c of an α,β-unsaturated thioketone with 2,3-dimethyl-1,3-butadiene. 
Thus, for the reaction which produces the α,β-unsaturated thioketone (see Scheme 4.21) the 
base is truly necessary. The yield of the cycloadducts of the unsaturated thioketones are rather 
low. It may be that these unsaturated thioketone can undergo dimerisation and oligomerisation 
reactions resulting in low yields of cycloadducts. 
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Table 4.8 Synthesis of cycloadducts of α-oxo sulfines via desilylsiloxylation in the 
presence of a tertiary amine base and trimethylsilyl chloride (Scheme 4.29) 
 
Entry n R Equiv. 
Et3N 
Equiv. 
Me3SiCl 
Yield 7 (%) Yield 11 (%) Yield 8 (%) 
1 0 H - 4.0 57 (7a) 13 (11a) - 
2 0 Me 4.0 4.0 - - 18 (8b)a 
3 1 H 4.0 4.0 - - 12 (8c) 
a. Also 3% of compound 16b was isolated in this reaction.  S
O
Cl
O
16b
 
 
 
 
4.5 Mechanistic discussion of the desilylsiloxylation and the desilylchlorination 
 
In order to gain more insight in the mechanism of the desilylchlorination and the 
desilylsiloxylation reactions some related reactions were compared. These different reactions 
have the sulfine formation from silyl containing intermediates in common. 
 
Sulfine synthesis by the modified Peterson reaction. 
In the modified Peterson reaction used for synthesis of sulfines the intermediate A is accepted 
as an intermediate, which then eliminates via a betainic structure to the sulfine and the 
silanolate anion. However, an alternative pathway is the [1,3]-silicon shift to the oxygen to 
produce intermediate B, such a shift is known from Sila-Pummerer rearrangements. 
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Dehydrosiloxylation using trimethylsilyl chloride. 
The dehydrosiloxylation as described in chapter 3 requires trimethylsilyl chloride as 
mediating agent. The function of this silyl chloride can be explained in two different manners 
(see Scheme 4.31). The first option is trapping of the liberated trimethylsilanolate to give 
bistrimethylsilyl ether (topline in Scheme 4.31). In this pathway the carbanion C is the key 
intermediate. Alternatively, intermediate carbanion C first reacts with trimethylsilyl chloride 
to give intermediate D which then undergoes a desilylsiloxylation to yield the sulfine and 
bistrimethylsilyl ether. At present, no information is available to differentiate between these 
two possible pathways. However, the elimination of trimethylsilanolate from intermediate 
carbanion C seems to be the most logical one. 
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Fluorodesilylation followed by elimination. 
This process of fluorodesilylation followed by elimination has been applied only for the 
synthesis of the parent sulfine. Other sulfines could not be prepared because the required α-
silyl sulfinyl chlorides could not be obtained. It is assumed that in this process the fluoride 
anion adds to the silyl group to give the pentacoordinated silicon intermediate F, which then 
eliminates trimethylsilyl fluoride to give the sulfine. Alternatively, fluoride can attack the silyl 
group by concomitant formation of the α-sulfinyl carbanion E, which then eliminates a 
chloride ion to produce the sulfine. This pathway can be classified as an E1cb mechanism 
(Scheme 4.32). It is also conceivable that the reaction with fluoride takes place in a concerted 
manner, thus attack at silicon and simultaneous elimination of chloride without the 
intermediacy of a carbanion intermediate. This pathway resembles an E2 mechanism 
(transition state G). It is also possible that intermediate F is initially formed, which then 
produces carbanion E. This option is clearly illustrates the affinity of fluoride for silicon. No 
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clear distinction can be made between these mechanistic pathways, there seems to be some 
preference for the sequence via F through E to the sulfine. 
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Scheme 4.32 
 
Desilylchlorination 
The desilylchlorination proceeds by an elimination of trimethylsilyl chloride from an α-silyl 
sulfinyl chloride to give the sulfine product (Scheme 4.33). In order to explain this reaction a 
process involving a four-membered transition state H can be envisaged. Alternatively, an 
elimination reaction via a six-membered ring transition state I is also conceivable. There, a 
molecule of trimethylsilyl chloride facilitates the elimination reaction. In a similar fashion the 
interplay of two molecules substrate can be envisaged as shown in the transition state J. The 
first option has the drawback that a strained four-membered ring transistion state H is 
involved, although the carbon-silicon bond and carbon-sulfur bond are considerably larger 
than a C-C bond, and therefore the strain will be not that high. As long as there is no evidence 
for the involvement of trimethylsilyl chloride (option I) or a second molecule of the substrate 
(option J), the pathway via H is preferred. 
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Desilylsiloxylation. 
The elimination of bis(trimethylsilyl) ether in a sulfine forming process has some mechanistic 
similarity with the desilylchlorination, the only difference being the nature of the leaving 
group, which now is a trimethylsilyloxy group (Scheme 4.35). A clear driving force for this 
elimination is the strong affinity of silicon for oxygen. Mechanistically, a four-membered ring 
transition state K can be envisaged, but a six-membered transition state L involving a 
molecule of trimethylsilyl chloride is also conceivable. A dimeric transition state M might 
also be considered (Scheme 4.36). Using the same reasoning as above, there is some 
preference for the option via transition state K. This pathway shows some resemblance with 
that usually proposed for the modified Peterson reaction shown in Scheme 4.30 (intermediate 
A). 
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It is important to note that during the desilylchlorination as well as the desilylsiloxylation only 
the E-isomer of the sulfine is obtained. Basically, the starting materials for both processes 
consists of a racemic mixture of diastereoisomers when the sulfinyl stereogenic center is 
stereostable. If this were the case then the mixture of Z- and E-sulfine would have been 
expected, because the respective transition states H and K would be diastereoisomeric as well. 
In view of the fact that exclusive formation of the E-sulfine is observed, the diastereoisomeric 
substrates cannot be stereostable but will isomerize fast under the conditions of the reaction. 
The formation of the E-sulfine will be thermodynamically favored. 
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4.6 Experimental part 
 
General remarks 
IR spectra were recorded on a Perkin-Elmer 298 infrared spectrophotometer. 1H-NMR spectra 
were recorded on a Bruker AC 100 spectrometer with CHCl3 or SiMe4 as internal standard. 
13C-NMR spectra were recorded on a Bruker AC 100 spectrometer with CDCl3 as internal 
standard. Mass spectra were run on a double focusing VG 7070E mass spectrometer. Melting 
points were determined on a Reichert Thermopan microscope and are uncorrected. 
Dichloromethane was distilled from phosphorus pentoxide, tetrahydrofuran from lithium 
aluminium hydride, diethyl ether from sodium hydride, hexane from calcium hydride, ethyl 
acetate from potassium carbonate, thionyl chloride from triphenyl phosphite, and 2,6-lutidine 
and triethylamine from potassium hydroxide pellets. Sulfur dioxide was dried by bubbling it 
through concentrated sulfuric acid, followed by passing through a tower of phosphorus 
pentoxide and then through a mist filter. Glasswork was ovendried and all reactions were 
carried out under an inert atmosphere of argon. 
Column chromatography was either performed at atmospheric pressure using silica gel 60 
(Merck) or as flash column chromatography with 1.5 bar pressure using silica gel 60H 
(Merck). 
 
General procedure for the synthesis of α-silyl ketene silyl acetals derived from lactones 
The procedure as described by Emde and Simchen[24,25] was followed: to a solution of 
triethylamine (6.5 ml, 47 mmol) and trimethylsilyl trifluoromethane sulfonate (9.1 ml, 47 
mmol) in diethyl ether (50 ml) a solution of lactone 2 (22 mmol) in diethyl ether (5 ml) was 
gradually added at 0ºC. Then the mixture was allowed to attain room temperature. The 
reaction times varied from 20 min (3a) to 1h (3b and 3c). The ether layer was separated and 
concentrated under reduced pressure. The crude product was then distilled under reduced 
pressure to yield the α-silyl ketene silyl acetals.  
 
2-Trimethylsilyloxy-3-trimethylsilyl-4,5-dihydrofuran (3a) 
Starting from 1.9 g of 2a, 4.5 g (88%) of 3a was obtained after distillation (bp. 59ºC, 0.15 mm 
Hg). 
1H-NMR (CDCl3): δ 0.06 (s, 9H, OSi(CH3)3), 0.22 (s, 9H, Si(CH3)3), 2.59 (t, 2H, Jt = 8.7 Hz, 
CH2), 4.24 (t, 2H, Jt = 8.7 Hz, CH2O) ppm; 13C-NMR (CDCl3): δ -1.0 (q, OSi(CH3)3), 0.1 (s, 
Si(CH3)3), 31.5 (t, CH2), 68.3 (t, CH2O), 71.6 (s, C=CSi), 162.6 (s, C=COSi) ppm. 
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2-Trimethylsilyloxy-3-trimethylsilyl-5-methyl-4,5-dihydrofuran (3b) 
Starting from 2.2 g of 2b, 4.6 g (86%) of 3b was obtained after distillation (bp. 62ºC, 0.04 
mm Hg). 
1H-NMR (CDCl3): δ 0.05 (s, 9H, OSi(CH3)3), 0.22 (s, 9H, Si(CH3)3), 1.29 (d, 3H, Jd = 6.1 Hz, 
CH3), 2.17 (d(right-hand part of ABq), 1H, Jd = 6.6 Hz, JAB = 13.2 Hz, CH2), 2.74 (d(left-
hand part of ABq), 1H, Jd = 9.1 Hz, JAB = 13.2 Hz, CH2), 4.59 (ddq, 1H, Jd = 9.1 Hz, Jd = 6.6 
Hz, Jq = 6.1 Hz, CHO) ppm; 13C-NMR (CDCl3): δ -1.0 (OSi(CH3)3), 0.2 (Si(CH3)3), 21.9 
(CH3), 38.8 (CH2), 71.2 (C=CSi), 76.1 (CHO), 161.2 (s, C=COSi) ppm. 
 
2-Trimethylsilyloxy-3-trimethylsilyl-4,5-dihydro-2H-pyran (3c) 
Starting from 2.2 g of 2c, 4.2 g (78%) of 3c was obtained after distillation (bp. 60ºC, 0.04 mm 
Hg). 
1H-NMR (CDCl3): δ 0.06 (s, 9H, OSi(CH3)3), 0.21 (s, 9H, Si(CH3)3), 1.60-1.85 (m, 2H, 
CH2CH2O), 1.95-2.10 (m, 2H, C=CCH2), 4.05 (t, 1H, Jt = 7.1 Hz, CH2O) ppm; 13C-NMR 
(CDCl3): δ -1.0 (OSi(CH3)3), 0.4 (Si(CH3)3), 22.1 (CH2), 23.0 (CH2), 67.1 (CH2O), 75.1 
(C=CSi), 157.2 (s, C=COSi) ppm. 
 
1-Ethoxy-1-trimethylsiloxy-2-trimethylsilyl-1-ethene (3d) 
1-Ethoxy-1-trimethylsiloxy-2-trimethylsilyl-1-ethene (3d) was prepared starting from ethyl 1-
trimethylsilyl acetate 2d[24,25] by the general method of silyl ketene acetals synthesis as 
described in the previous chapter[29]. 
Starting from 12.8 g (80 mmol) of 2d, 16.6 g (90 %) of 3d was obtained after distillation (bp. 
73ºC, 8 mm Hg) as a mixture of E and Z isomers (E:Z ratio 5:1). 
E-Isomer: 
1H-NMR (CDCl3): δ 0.05 (s, 9H, OSi(CH3)3), 0.26 (s, 9H, Si(CH3)3), 1.22 (t, 3H, Jt = 7.3 Hz, 
CH3), 3.07 (s, 1H, C=CH), 3.84 (q, 2H, Jq = 7.3 Hz, CH2O) ppm; 13C-NMR (CDCl3): δ -0.3 
(q, OSi(CH3)3), 0.4 (q, Si(CH3)3), 14.8 (q, CH3), 62.0 (t, CH2O), 72.7 (d, HC=CSi), 160.9 (s, 
C=COSi) ppm. 
Z-Isomer: 
1H-NMR (CDCl3): δ 0.05 (s, 9H, OSi(CH3)3), 0.22 (s, 9H, Si(CH3)3), 1.29 (t, 3H, Jt = 7.3 Hz, 
CH3), 2.92 (s, 1H, C=CH), 3.77 (q, 2H, Jq = 7.3 Hz, CH2O) ppm; 13C-NMR (CDCl3): δ 0.1 (q, 
Si(CH3)3), 0.1 (q, OSi(CH3)3), 14.3 (q, CH3), 63.4 (t, CH2O), 64.0 (d, HC=CSi), 163.5 (s, 
C=COSi) ppm. 
 
Reaction of α-silyl ketene silyl acetals with sulfur dioxide (general procedure)[16] 
Pure α-silyl ketene silyl acetal 3 was treated without the use of solvent with sulfur dioxide at 
0ºC by bubbling through this gas for a period of 15 to 30 min. In the case of the silyl ketene 
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acetals derived from the δ-lactones and ethyl acetate a slight change of color to light yellow 
was observed. In the case of the α-silyl ketene silyl acetal of δ-valerolactone there was a 
separation into two layers. Then, the excess of sulfur dioxide was removed under reduced 
pressure (about 25 mm Hg). The crude product was characterized by 1H-NMR spectroscopy. 
The silyl sulfinic ester prepared in this manner (5a and 5b) consists of a mixture of 
diastereoisomers. 
 
Trimethylsilyl γ-butyrolactone-α-trimethylsilyl-α-sulfinate (5a) 
Starting from 2-trimethylsilyloxy-3-trimethylsilyl-4,5-dihydrofuran (3a), a mixture was 
obtained of two isomers of 5a (70% by NMR) and sulfine 6a (30% by NMR). No successful 
purification, analyses on mixture. 
Trimethylsilyl γ-butyrolactone-α-trimethylsilyl-α-sulfinate (5a) 
1H-NMR (CDCl3): δ (9H, OSi), (9H, CSi), 2.7-3.2 (m, 2H, CCH2C), 4.23 (m, 2H, OCH2) 
ppm; IR (neat): ν 1740, 1375, 1330, 1250, 1170, 1050, 950, 850 cm-1. 
2-sulfinyl γ-butyrolactone (6a) 
1H-NMR (CDCl3): δ 3.52 (t, Jt = 6.7 Hz ,2H, OCH2),4.55 (t, Jt = 6.7 Hz ,2H, CSOCH2) ppm 
 
Trimethylsilyl γ-valerolactone-α-trimethylsilyl-α-sulfinate (5b) 
Starting from 2-trimethylsilyloxy-3-trimethylsilyl-5-methyl-4,5-dihydrofuran (3b), a mixture 
was obtained of isomers of 5b (60% by NMR) and sulfine 6b (40% by NMR). No successful 
purification, analyses on mixture. 
Trimethylsilyl γ-valerolactone-α-trimethylsilyl-α-sulfinate (5b) 
1H-NMR (CDCl3): δ 0.2 (m, 18H, SiMe3), 1.34 (m, 3H, CCH3), 3.3-4.3 (m, 2H, CH2), 5.0-5.4 
(m, 1H, OCH) ppm; IR (neat): ν 1740, 1380, 1340, 1250, 1180, 1110, 1055, 950, 850 cm-1. 
2-sulfinyl γ-valerolactone (6b) 
1H-NMR (CDCl3): δ 1.42 (d, 3H, Jd = 6.2 Hz, CH3), 2.93 (d(righthand part of AB), 1H, Jd = 
5.1 Hz, JAB = 21.8 Hz, CH2CSO), 3.61 (d(lefthand part of AB), 1H, Jd = 7.3 Hz, JAB = 21.8 
Hz, CH2CSO), 4.80 (ddq, 1H, Jd = 7.3, Jd = 5.1 Hz, Jq = 6.2 Hz, OCH) ppm. 
 
2-Sulfinyl-δ-valerolactone (6c) 
Starting from 2-trimethylsilyloxy-3-trimethylsilyl-4,5-dihydro-2H-pyran (3c), a mixture was 
obtained of sulfine 6c (59% by NMR) and δ-valerolactone (2c) (40% by NMR). 
1H-NMR (CDCl3): δ 2.04 (tt, 2H, Jt = 6.6, Jt = 5.4 Hz, CH2CH2CH2), 3.15 (t, 2H, Jt = 6.6 Hz, 
CH2C(SO)), 4.44 (t, 2H, Jt = 5.4 Hz, CH2O) ppm; 13C-NMR (CDCl3): δ 20.6 (t, CH2CH2CH2), 
25.6 (t, CH2C(SO)), 69.3 (t, CH2O), 161.9 (s, CSO), 181.8 (s, CO) ppm; IR (neat): ν 1690 
(C=O), 1280, 1170, 1130, 1085, 960 cm-1; GCMS (EI) m/e: 146 (M+), 130 (M+-O), 118 (M+-
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CO), 98 (M+-SO), 86 (M+-CSO); HRMS (EI) m/e: 146.00383±0.00086 (calc. C5H6O3S (M+): 
146.00376). 
 
Trimethylsilyl 1-ethoxycarbonyl-1-trimethylsilyl-methanesulfinate (5d) 
Starting from 1-ethoxy-1-trimethylsiloxy-2-trimethylsilyl-1-ethene (3d), a mixture was 
obtained of diastereoisomers 5d (78% by NMR) and ethyl 1-trimethylsilyl acetate 2d (22% by 
NMR). 
1H-NMR (CDCl3): δ 0.4 (m, 18H, SiMe3), 1.13 and 1.14 (2xt, 2x3H,CH2CH3), 3.30 and 3.31 
(2xs, 2x1H, CHSi), 3.95 and 3.96 (2xq, 2x2H,CH2CH3) ppm; 13C-NMR (CDCl3): Isomer I: δ 
-2.1 (OSiMe3), 0.4 (CSiMe3), 14.7 (CCH3), 60.6 (S(O)CHC(O)), 71.3 (OCH2), 167.2 (CO) 
ppm. Isomer II: δ -1.8 (OSiMe3), 0.6 (CSiMe3), 14.7 (CCH3), 60.8 (S(O)CHC(O)), 70.4 
(OCH2), 167.3 (CO); IR (neat): ν 1720, 1365, 1330, 1260 (b), 1190 (b), 1110, 1040 cm-1. 
 
Dihydrothiopyran S-oxides (7) from α-silyl silyl sulfinic esters (general procedure) 
The α-silyl ketene silyl acetal 3 (2 mmol), was allowed to react with sulfur dioxide as 
described above. After removal of the excess of sulfur dioxide under reduced pressure 
(Schlenk-conditions), dichloromethane (5 ml) was added. This mixture was cooled to 0ºC and 
2,3-dimethyl-1,3-butadiene added. Subsequently, the mixture was allowed to attain the 
temperature indicated in Table 4.3 and stirred for 16h. Concentration of the reaction mixture 
under reduced pressure yielded the crude product. 
 
2-(3'-Spiro-2'-oxo-tetrahydrofuran)-3,6-dihydro-4,5-dimethyl-2H-thiopyran S-oxide (7a) 
Starting from 2-trimethylsilyloxy-3-trimethylsilyl-4,5-dihydrofuran (3a), compound 7a was 
obtained as white crystals after column chromatography with hexane / ethyl acetate (1:1 v/v) 
and subsequent crystallisation from hexane / toluene (25% yield for a reaction at RT and 40% 
yield for a second reaction at 40ºC). 
The spectral data were in agreement with those mentioned in chapter 3 (compound 3f). 
 
2-(3'-Spiro-2'-oxo-5'-methyl-tetrahydrofuran)-3,6-dihydro-4,5-dimethyl-2H-thiopyran S-oxide 
(7b) 
Starting from 2-trimethylsilyloxy-3-trimethylsilyl-5-methyl-4,5-dihydrofuran (3b), compound 
7b was obtained as white crystals (m.p. 145-146ºC) after column chromatography with 
hexane / ethyl acetate (1:1 v/v) and subsequent crystallisation from hexane / toluene. The 
product was isolated as a mixture of diastereoisomers (I:II) in a 4:1 ratio (47%).  
1H-NMR (CDCl3): δ 1.39 (d, 3H, Jd = 5.2 Hz, CH(CH3)O, diastereoisomer II), 1.45 (d, 3H, Jd 
= 6.1 Hz, CH(CH3)O, diastereoismer I), 1.6 (s, 6H, CH3), 1.8-3.3 (m, 2H, CH2CH(CH3)O, 
2H, CH2C=C, righthand part of AB, 1H, CH2S(O)), 3.57 (left part of AB, 1H, JAB = 16.2 Hz, 
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CH2S(O)), 4.56-4.90 (m, 1H, CHO) ppm; 13C-NMR (CDCl3): Diastereoisomer I: δ 19.2 (q, 
CH3), 19.7 (q, CH3), 20.7 (q, CH3), 30.7 (t, CH2CHO), 37.4 (t, CH2C=C), 51.7 (t, CH2S(O)), 
65.0 (s, C(O)CS(O)), 74.6 (d, CHO), 118.8 (s, C=CCH2S(O)), 125.6 (s, C=CCH2S(O)), 174.2 
(s, C=O) ppm; Diastereoisomer II: δ 19.4 (q, CH3), 19.6 (q, CH3), 21.7 (q, CH3), 35.4 (t, 
CH2CHO), 38.1 (t, CH2C=C), 51.6 (t, CH2S(O)), 64.2 (s, C(O)CS(O)), 75.3 (d, CHO), 117.6 
(s, C=CCH2S(O)), 126.3 (s, C=CCH2S(O)), 174.5 (s, C=O) ppm; IR (KBr): ν 1755 (C=O), 
1210 (C-O), 1055 (S=O) cm-1; MS (EI) m/e: 228 (M+), 212 (M+-O), 180 (M+-SO), 165 (M+-
CH3SO), 138 (100%, M+-COCH3SO); HRMS (EI) m/e: 228.0819±0.0010 (calc. C11H16O3S 
(M+): 228.0820); Elemental analysis: calculated for C10H14O3S (214.28): C 57.87, H 7.06, O 
21.03, S 14.04; found: C 57.71, H 6.95, O 21.58, S 13.76. 
 
2-(3'-Spiro-2'-oxo-tetrahydro-2H-pyran)-3,6-dihydro-4,5-dimethyl-2H-thiopyran S-oxide (7c) 
Starting from 2-trimethylsilyloxy-3-trimethylsilyl-4,5-dihydro-2H-pyran (3c), compound 7c 
was obtained as white crystals (m.p. 104-106ºC) (13%) and compound 8c as a colorless oil 
(5%) after column chromatography with hexane / ethyl acetate (1:1 v/v)  
2-(3'-Spiro-2'-oxo-tetrahydro-2H-pyran)-3,6-dihydro-4,5-dimethyl-2H-thiopyran S-oxide (7c) 
1H-NMR (CDCl3): δ 1.74 (s, 6H, CH3), 1.80-2.15 (m, 4H, CH2CH2), 2.3-2.8 (m, 4H, 
CCH2CCH3, CH2CH2CS), 3.20 and 3.51 (ABq, 2H, JAB = 16.5 Hz, CH2S(O)), 4.44 (t, 2H, Jt = 
6.2 Hz, CH2O) ppm; 13C-NMR (CDCl3): δ 19.7 and 20.0 and 20.6 and 22.4 (2x CH3 and 
OCH2CH2CH2), 39.8 (CCH2CCH3), 50.8 (S(O)CH2), 62.8 (S(O)CCH2), 70.2 (CH2O), 118.1 
and 126.4 (C=C), 169.9 (C=O) ppm; IR (KBr): ν 1705 (C=O), 1400, 1270, 1245, 1180, 1130, 
1080, 1050, 1030 cm-1; MS (EI) m/e: 228 (M+), 180 (M+-SO), 165 (100%, M+-SOCH3). 
HRMS (EI) m/e: 228.0821±0.0009 (C11H16O3S (M+): 228.0820); Elemental analysis: 
calculated for C11H16O3S (228.31): C 57.87, H 7.06, O 21.03, S 14.04; found: C 55.65, H 
7.09, O 24.13, S 13.13. 
2-(3'-Spiro-2'-oxo-2',6'-dihydro-2H-pyran)-3,6-dihydro-4,5-dimethyl-2H-thiopyran (8c) 
1H-NMR (CDCl3): δ 1.76 (s, 6H, 2x CH3), 2.27 and 2.66 (ABq, 2H, JAB = 17.5 Hz, 
CCH2C=C), 2.83 and 3.31 (ABq, 2H, JAB = 16.8 Hz, SCH2), 4.75 (d(righthand part of ABq), 
1H, JAB = 16.3, Jd = 4.4 Hz, OCH2), 5.15 (dd(lefthand part of ABq), 1H, JAB = 16.3, Jd = 2.7 
Hz, Jd = 2.0 Hz, OCH2), 5.82 (d(righthand part of ABq), 1H, JAB = 9.5, Jd = 2.7 Hz, 
CH2CH=CH), 6.10 (dd(lefthand part of ABq), 1H, JAB = 9.5, Jd = 4.4 Hz, Jd = 2.0 Hz, 
CH2CH=CH) ppm; 13C-NMR (CDCl3): δ 19.5 and 20.1 (2x CH3), 31.2 (SCH2), 40.5 
(CCH2C=C), 42.5 (COCS), 67.8 (OCH2), 121.8 and 125.4 (H3CC=CCH3), 126.5 and 130.4 
(CH2C=C) ppm; IR (CCl4): ν 1740 (C=O), 1260, 1140, 1100 cm-1; MS (EI) m/e: 210 (M+), 
178 (M+-S), 163 (M+-SCH3); HRMS (EI) m/e: 210.0715±0.0010 (calc. C11H14O2S (M+): 
210.0715). 
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2-Ethoxycarbonyl-3,6-dihydro-4,5-dimethyl-2H-thiopyran S-oxide (7d) 
Starting from 1-ethoxy-1-trimethylsiloxy-2-trimethylsilyl-1-ethene (3d), compound 7d was 
obtained as a slightly yellow oil after column chromatography with hexane / ethyl acetate (1:1 
v/v) (73% yield in crude product, 9% yield after column chromatography). 
1H-NMR (CDCl3): δ 1.28 (t, 2H, Jt = 7.1 CH2CH3), 1.71 (s, 6H, 2x CH3), 2.65 (bs, 2H, 
CHCH2CCH3), 3.26 and 3.51 (ABq, 2H, JAB = 16.2, SCH2), 3.80 (bt, 1H, Jt= 6.4 Hz, 
SCHCO), 4.24 (q, 2H, Jq = 7.1 Hz, CH2CH3) ppm; 13C-NMR (CDCl3): δ 14.0 (CH2CH3), 19.4 
and 19.7 (2x C=CCH3), 29.9 (CHCH2C=C), 52.4 (S(O)CH2), 61.8 and 62.0 (CH2CH3 and 
CH), 117.2 and 126.8 (C=C), 168.4 (C=O) ppm; IR (CCl4): ν 1730 (CO), 1370, 1315, 1180 
(m), 1165 cm-1; MS (EI) m/e: 216 (M+), 198 (M+-H2O), 183 (M+-H2OCH3), 168 (M+-SO), 
153 (M+-SOCH3); HRMS (EI) m/e: 216.0820±0.0010 (C11H16O3S (M+): 216.0820). 
 
Dihydrothiopyran synthesis from α-silyl silyl sulfinic esters in the presence of triethylamine 
and trimethylsilyl chloride (general procedure) 
The α-silyl ketene silyl acetal 3 (2 mmol), was allowed to react with sulfur dioxide as 
described above. After removal of the excess of sulfur dioxide under reduced pressure 
(Schlenk-conditions), dichloromethane (5 ml) and trimethylsilyl chloride (Table 4.4) were 
added. This mixture was cooled to 0oC and 2,3-dimethyl-1,3-butadiene (1.0 ml, 8 mmol) was 
added directly followed by the addition of triethylamine (1.1 ml, 8 mmol) using a syringe. 
Successively, the mixture was stirred at the temperature indicated in Table 4.4 for 2 h, then 
allowing it to attain room temperature overnight. Concentration of the reaction mixture under 
reduced pressure yielded the crude product. 
 
2-(3'-Spiro-2'-oxo-tetrahydrofuran)-3,6-dihydro-4,5-dimethyl-2H-thiopyran S-oxide (7a) 
2-(2'-Spiro-3'-butenolide)-3,6-dihydro-4,5-dimethyl-2H-thiopyran (8a) 
Starting from 2-trimethylsilyloxy-3-trimethylsilyl-4,5-dihydrofuran (3a), compound 7a was 
obtained as white crystals (19%) and compound 8a as a colorless oil (46%) after column 
chromatography with hexane / ethyl acetate (19:1 v/v). 
2-(3'-Spiro-2'-oxo-tetrahydrofuran)-3,6-dihydro-4,5-dimethyl-2H-thiopyran S-oxide (7a) 
The spectral data were in agreement with those previously mentioned this chapter. 
2-(2'-Spiro-3'-butenolide)-3,6-dihydro-4,5-dimethyl-2H-thiopyran (8a) 
The spectral data were in agreement with those mentioned in chapter 3 (compound 4f). 
 
2-(3'-Spiro-2'-oxo-5'-methyl-tetrahydrofuran)-3,6-dihydro-4,5-dimethyl-2H-thiopyran S-oxide 
(7b) 
2-(2'-Spiro-4'-methyl-3'-butenolide)-3,6-dihydro-4,5-dimethyl-2H-thiopyran (8b) 
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Starting from 2-trimethylsilyloxy-3-trimethylsilyl-5-methyl-4,5-dihydrofuran (3b), compound 
7b was obtained as white crystals (29%) and compound 8b as a colorless oil (18%) after 
column chromatography with hexane / ethyl acetate (19:1 v/v). 
2-(3'-Spiro-2'-oxo-5'-methyl-tetrahydrofuran)-3,6-dihydro-4,5-dimethyl-2H-thiopyran S-oxide 
(7b) 
The spectral data were in agreement with those previously mentioned in this chapter. 
2-(2'-Spiro-4'-methyl-3'-butenolide)-3,6-dihydro-4,5-dimethyl-2H-thiopyran (8b) 
1H-NMR (CDCl3): δ 1.70 (s, 3H, CH3); 1.80 (s, 3H, CH3), 1.95 (d, 3H, Jd = 1.4 Hz, OCCH3), 
2.38 (s, 2H, CH2C=C), 2.91 and 3.68 (ABq, 2H, JAB = 16.6 Hz, CH2S), 5.13 (d, 2H, Jd = 1.4 
Hz, CH=C(CH3)O) ppm; 13C-NMR (CDCl3): δ 14.0 (q, OC(CH3)), 19.5 (q, CH3), 20.1 (q, 
CH3), 29.6 (t, CH2S), 37.5 (t, CH2C=C), 47.3 (s, C(O)CS), 107.3 (d, CH=C(CH3)O), 123.2 
and 123.6 (2x s, C=CCH2S and C=CCH2S), 153.0 (s, CH=C(CH3)O), 176.2 (s, C=O) ppm; IR 
(CCl4): ν 1795 (C=O), 1680, 1205, 1155, 1115, 1050, 955, 940 cm-1; MS (EI) m/e: 210 (M+), 
178 (M+-S), 163 (M+-CH3S); HRMS (EI) m/e: 210.0715±0.0010 (calc. C11H14O2S (M+): 
210.0715). 
 
Sulfine synthesis starting from α-silyl ketene silyl acetals using thionyl chloride (general 
procedure) 
Method A: 
α-Silyl ketene silyl acetal 3 (2.0 mmol) was dissolved in dichloromethane (5 ml) and then 
cooled to –78ºC. Thionyl chloride (0.145 ml, 2.0 mmol) was gradually added using a syringe. 
The mixture was stirred for 1h allowing it to attain room temperature. Concentration under 
reduced pressure yielded the crude product. 
Method B: 
Thionyl chloride (0.145 ml, 2.0 mmol) dissolved in dichloromethane (5 ml) and then cooled 
to 0ºC. The α-silyl silyl sulfinate ester 3 (2.0 mmol), dissolved in dichloromethane (2 ml), 
was then gradually added. The mixture was stirred for 1h. Concentration under reduced 
pressure yielded the crude product. 
 
2-Sulfinyl-γ-butyrolactone (6a) 
Starting from 2-trimethylsilyloxy-3-trimethylsilyl-4,5-dihydrofuran (3a), compound 6a was 
obtained as a slightly yellow liquid (Method A: 94%, Method B: 96%) 
1H-NMR (CDCl3): δ 3.52 (t, 2H, Jt = 6.7 Hz, CH2CSO), 4.55 (t, 2H, Jt = 6.7 Hz, OCH2) ppm; 
13C-NMR (CDCl3): δ 30.4 (CH2CSO), 66.7 (OCH2), 166.4 (CSO), 175.4 (C=O) ppm; IR 
(neat): ν 1745 (CO), 1375, 1230, 1210, 1110, 1055, 1015 cm-1; MS (EI) m/e: 132 (M+), 116 
(M+-O), 88 (M+-CO2), 72 (M+ -CSO); HRMS (EI) m/e: 131.98805±0.00091 (calc. C4H4O3S 
(M+): 131.98811). 
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2-Sulfinyl-γ-valerolactone (6b) 
Starting from 2-trimethylsilyloxy-3-trimethylsilyl-5-methyl-4,5-dihydrofuran (3b), compound 
6b was obtained as a slightly yellow liquid (Method A: 90%, Method B: 94%) 
1H-NMR (CDCl3): δ 1.42 (d, 3H, Jd = 6.2 Hz, CH3), 2.93 (d(righthand part of AB), 1H, Jd = 
5.1 Hz, JAB = 21.8 Hz, CH2CSO), 3.61 (d(lefthand part of AB), 1H, Jd = 7.3 Hz, JAB = 21.8 
Hz, CH2CSO),4.80 (ddq, 1H, Jd = 7.3, Jd = 5.1 Hz, Jq = 6.2 Hz, OCH) ppm; 13C-NMR 
(CDCl3): δ 21.5 (CH3), 37.4 (CH2CSO), 76.1 (OCH), 165.7 (CSO), 176.6 (C=O) ppm. 
IR (neat): ν 1745 (CO), 1345, 1240, 1210, 1110, 1060, 1025 cm-1; GC-MS (EI) m/e: 146 
(M+), 130 (M+-O), 102 (M+-CO2), 98 (M+-SO), 82 (M+-SO2); HRMS (EI) m/e: 
146.00383±0.00086 (calc. C5H6O3S (M+): 146.00376). 
 
2-Sulfinyl-δ-valerolactone (6c) 
Starting from 2-trimethylsilyloxy-3-trimethylsilyl-4,5-dihydro-2H-pyran (3c), compound 6c 
was obtained as a slightly yellow liquid (Method A: 90%, Method B: 98%) 
The spectral data were in agreement with those previously mentioned in this chapter. 
 
Synthesis of dihydrothiopyran S-oxides starting from α-silyl ketene silyl acetals using thionyl 
chloride (general procedure) 
Method A: 
α-Silyl ketene silyl acetal 3 (2.0 mmol) and 2,3-dimethyl-1,3-butadiene (1 ml) was dissolved 
in dichloromethane (5 ml). After cooling to –78ºC, thionyl chloride (0.145 ml, 2.0 mmol) was 
gradually added using a syringe. The mixture was stirred for 4h and allowed to attain room 
temperature. Concentration under reduced pressure yielded the crude product. 
Method B: 
Thionyl chloride (0.145 ml, 2.0 mmol) and 2,3-dimethyl-1,3-butadiene (1 ml) was dissolved 
in dichloromethane (5 ml). After cooling to 0ºC, α-silyl silyl sulfinate ester 3 (2.0 mmol) 
dissolved in dichloromethane (2 ml), was gradually added. The mixture was stirred for 2h and 
then allowed to attain room temperature. Concentration under reduced pressure yielded the 
crude product. 
 
2-(3'-Spiro-2'-oxo-tetrahydrofuran)-3,6-dihydro-4,5-dimethyl-2H-thiopyran S-oxide (7a) 
2-(3'-Spiro-2'-oxo-tetrahydrofuran)-3,6-dihydro-4,5-dimethyl-2H-thiopyran (11a) 
Starting from 2-trimethylsilyloxy-3-trimethylsilyl-4,5-dihydrofuran (3a) using method A, as 
described above, compound 7a was obtained as white crystals (68%) and compound 11a as a 
colorless oil (18%) after column chromatography with hexane / ethyl acetate (19:1 v/v).  
2-(3'-Spiro-2'-oxo-tetrahydrofuran)-3,6-dihydro-4,5-dimethyl-2H-thiopyran S-oxide (7a) 
The spectral data were in agreement with those previously mentioned in this chapter. 
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2-(3'-Spiro-2'-oxo-tetrahydrofuran)-3,6-dihydro-4,5-dimethyl-2H-thiopyran (11a) 
1H-NMR (CDCl3): δ 1.6 (s, 3H, CH3), 1.7 (s, 3H, CH3), 2.1-2.5 (m, 2H, CH2CH2O, 2H, 
CH2C=C), 2.87 and 3.39 (ABq, 2H, JAB = 17.5Hz, CH2S), 4.2-4.5 (m, 2H, CH2O) ppm; 13C-
NMR (CDCl3): δ 19.5 (q, CH3), 20.2 (q, CH3), 30.1 (t, CH2CH2O), 37.2 and 38.5 (2x t, 
CH2C=C and CH2S), 43.4 (s, C(O)CS), 65.0 (t, CH2O), 123.0 and 124.6 (2x s, C=CCH2S and 
C=CCH2S), 175.5 (s, C=O) ppm; IR (neat): ν 1760 (C=O), 1180 (C-O), 1025 cm-1. 
MS (EI) m/e: 198 (100%, M+), 166 (M+-S), 151 (M+-CH3S); HRMS (EI) m/e: 
198.0712±0.0012 (calc. C10H14O2S (M+): 198.0715). 
 
2-(3'-Spiro-2'-oxo-5'-methyl-tetrahydrofuran)-3,6-dihydro-4,5-dimethyl-2H-thiopyran S-oxide 
(7b) 
2-(3'-Spiro-2'-oxo-5'-methyl-tetrahydrofuran)-3,6-dihydro-4,5-dimethyl-2H-thiopyran (11b) 
Starting from 2-trimethylsilyloxy-3-trimethylsilyl-5-methyl-4,5-dihydrofuran (3b), using 
method A, compound 7b was obtained as white crystals (79%) and compound 11b as a 
colorless oil (13%) after column chromatography with hexane / ethyl acetate (9:1 v/v). A 
second column chromatography with hexane / ethyl acetate (39:1 v/v) was necessary to 
partially separate the two diastereoisomers of 11b. 
2-(3'-Spiro-2'-oxo-5'-methyl-tetrahydrofuran)-3,6-dihydro-4,5-dimethyl-2H-thiopyran S-oxide 
(7b) 
The spectral data were in agreement with those previously mentioned in this chapter. 
2-(3'-Spiro-2'-oxo-5'-methyl-tetrahydrofuran)-3,6-dihydro-4,5-dimethyl-2H-thiopyran (11b) 
Diastereoisomer I: 1H-NMR (CDCl3): δ 1.41 (d, 3H, Jd = 6.2 Hz, OCCH3), 1.71 (s, 3H, CH3), 
1.77 (s, 3H, CH3), 2.25-2.45 (m, 2H, CH2CO, 2H, CH2C=C), 2.79 and 3.44 (ABq, 2H, JAB = 
17.1Hz, CH2S), 4.5-5.0 (m, 1H, CHO) ppm; 13C-NMR (CDCl3): δ 19.5 (CH3), 20.1 (CH3), 
20.4 (CH3), 30.1 (CH2CHO), 38.6 and 45.2 (CH2C=C and CH2S), 73.6 (CHO) ppm. 
IR (neat): ν 1765 (C=O), 1385, 1185 (C-O), 1150, 1125, 1045 cm-1; MS (EI) m/e: 212 (M+), 
178 (M+-H2S), 165 (M+-CH3S). 
Diastereoisomer II: 1H-NMR (CDCl3): δ 1.52 (d, 3H, Jd = 6.4 Hz, OCCH3), 1.70 (s, 3H, CH3), 
1.77 (s, 3H, CH3), 1.9-2.7 (m, 2H, CH2CH2O, 2H, CH2C=C), 2.96 and 3.51 (ABq, 2H, JAB = 
16.5 Hz, CH2S), 4.2-4.8 (m, 2H, CHO) ppm; MS (EI) m/e: 212 (M+), 178 (M+-H2S), 165 (M+-
CH3S). 
 
2-(3'-Spiro-2'-oxo-tetrahydro-2H-pyran)-3,6-dihydro-4,5-dimethyl-2H-thiopyran S-oxide (7c) 
2-(3'-Spiro-2'-oxo-tetrahydro-2H-pyran)-3,6-dihydro-4,5-dimethyl-2H-thiopyran (11c) 
Starting from 2-trimethylsilyloxy-3-trimethylsilyl-4,5-dihydro-2H-pyran (3c), compound 7c 
was obtained as white crystals (m.p. 104-106ºC) (43%) and compound 11c as white crystals 
(m.p. 65-68ºC). (21%) after column chromatography with hexane / ethyl acetate (19:1 v/v). 
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2-(3'-Spiro-2'-oxo-tetrahydro-2H-pyran)-3,6-dihydro-4,5-dimethyl-2H-thiopyran S-oxide (7c) 
The spectral data were in agreement with those previously mentioned in this chapter. 
2-(3'-Spiro-2'-oxo-tetrahydro-2H-pyran)-3,6-dihydro-4,5-dimethyl-2H-thiopyran (11c) 
1H-NMR (CDCl3): δ 1.70 (bs, 6H, 2x CH3), 1.8-2.3 (m, 5H, OCH2CH2CH2 and CH2C=C), 
2.54 (lefthand part of ABq, 1H, JAB = 17.1 Hz, CH2C=C), 2.81 and 3.28 (ABq, 2H, JAB = 17.3 
Hz, CH2S), 4.48 (m, 2H, OCH2) ppm; 13C-NMR (CDCl3): δ 19.3 and 20.0 (2x t, CH3), 20.3 
(CH2CH2CH2), 30.8 and 33.8 (2x t, CH2CSCH2), 41.9 (t, CH2C=C), 44.1(s, SCCO), 68.8 (t, 
OCH2), 122.45 and 125.9 (2x s, C=C), 168.9 (s, C=O) ppm; IR (CCl4): ν 1735 (CO), 1155, 
1135, 1105 cm-1; MS (EI) m/e: 212 (M+), 180 (M+-S), 165 (100%, M+-SCH3), 150 (M+-SC-
2H6); HRMS (EI) m/e: 212.0870±0.0010 (calc. C11H16O2S (M+): 212.0871). 
 
2-Ethoxycarbonyl-3,6-dihydro-4,5-dimethyl-2H-thiopyran S-oxide (7d) 
2-Ethoxycarbonyl-4,5-dimethyl-2H-thiopyran (10d) 
Starting from 1-ethoxy-1-trimethylsiloxy-2-trimethylsilyl-1-ethene (3d), using method B at –
18ºC, compound 7d was obtained as a slightly yellow oil (46%) and compound 10d as 
slightly yellow oil (37%) after column chromatography with hexane / ethyl acetate (19:1 v/v)  
2-Ethoxycarbonyl-3,6-dihydro-4,5-dimethyl-2H-thiopyran S-oxide (7d) 
The spectral data were in agreement with those previously mentioned in this chapter. 
2-Ethoxycarbonyl-4,5-dimethyl-2H-thiopyran (10d) 
1H-NMR (CDCl3): δ 1.31 (t, 3H, Jt = 7.1 Hz, CH2CH3), 1.83 and 1.91 (2x s, 6H, 2x CH3), 
3.20 (bs, 2H, SCH2), 4.25 (q, 2H, Jq = 7.1 Hz, OCH2) ppm; 13C-NMR (CDCl3): δ 14.01 
(CH2CH3), 17.5 and 19.6 (2x CH3), 31.3 (SCH2), 61.0 (OCH2), 123.8 and 125.7 and 127.3 (3x 
=C), 135.2 (=CH), 164.2 (C=O) ppm; IR (CCl4): ν 1700 (C=O), 1205, 1220, 1110, 1040 cm-1; 
MS (EI) m/e: 198 (M+), 183 (M+-CH3), 169 (M+-CH2CH3), 153 (M+-OCH2CH3); HRMS (EI) 
m/e: 198.07157±0.00096 (calc. C10H14O2S (M+): 198.07145). 
 
Synthesis of dihydrothiopyrans from α-silyl ketene silyl acetals using thionyl chloride in the 
presence of triethylamine and trimethylsilyl chloride (general procedure) 
α-Silyl ketene silyl acetal 3 (2.0 mmol), trimethylsilyl chloride (Table 4.8), triethylamine 
(Table 4.8), and 2,3-dimethyl-1,3-butadiene (1 ml) was dissolved in dichloromethane (5 ml) 
after cooling to -78oC, thionyl chloride 0.145 ml (2.0 mmol) was added drop wise using a 
syringe. The mixture was stirred for 4h and then allowed to attain room temperature. 
Extraction of the mixture with 1N HCl (2x) and water, was followed by extraction of the 
aqueous layers (2x) with dichloromethane. The combined organic layers were dried (MgSO4) 
and concentrated to give the crude product. 
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2-(3'-Spiro-2'-oxo-tetrahydrofuran)-3,6-dihydro-4,5-dimethyl-2H-thiopyran S-oxide (7a) 
2-(3'-Spiro-2'-oxo-tetrahydrofuran)-3,6-dihydro-4,5-dimethyl-2H-thiopyran (11a) 
Starting from 2-trimethylsilyloxy-3-trimethylsilyl-4,5-dihydrofuran (3a), without the use of 
triethylamine, compound 7a was obtained as white crystals (57%) and compound 11a as a 
colorless oil (13%) after column chromatography with hexane / ethyl acetate (19:1 v/v).  
2-(3'-Spiro-2'-oxo-tetrahydrofuran)-3,6-dihydro-4,5-dimethyl-2H-thiopyran S-oxide (7a) 
The spectral data were in agreement with those previously mentioned in this chapter. 
2-(3'-Spiro-2'-oxo-tetrahydrofuran)-3,6-dihydro-4,5-dimethyl-2H-thiopyran (11a) 
The spectral data were in agreement with those previously mentioned in this chapter. 
 
2-(2'-Spiro-4'-methyl-3'-butenolide)-3,6-dihydro-4,5-dimethyl-2H-thiopyran (8b) 
2-(3'-Spiro-2'-oxo-4'-chloro-5'-methyl-2',3'-dihydrofuran)-3,6-dihydro-4,5-dimethyl-2H-
thiopyran (16b) 
Starting from 2-trimethylsilyloxy-3-trimethylsilyl-5-methyl-4,5-dihydrofuran (3b), compound 
7b was obtained as colorless oil (18%) and compound 16b as a colorless oil (3%) after 
column chromatography with hexane / ethyl acetate (19:1 v/v).  
2-(2'-Spiro-4'-methyl-3'-butenolide)-3,6-dihydro-4,5-dimethyl-2H-thiopyran (8b) 
The spectral data were in agreement with those previously mentioned in this chapter. 
2-(3'-Spiro-2'-oxo-4'-chloro-5'-methyl-2',3'-dihydrofuran)-3,6-dihydro-4,5-dimethyl-2H-
thiopyran (16b) 
1H-NMR (CDCl3): δ 1.73 (s, 3H, CH3); 1.82 (s, 3H, CH3), 2.08 (s, 3H, OCCH3), 2.14 and 
2.69 (ABq, 2H, JAB = 17.1 Hz, CCH2C=C), 2.91 and 3.80 (ABq, 2H, JAB = 16.0 Hz, CH2S) 
ppm; 13C-NMR (CDCl3): δ 11.5 (OC(CH3)), 19.5 (CH3), 20.1 (CH3), 29.3 (CH2S), 34.5 
(CH2C=C), 48.2 (C(O)CS), 107.7 (CCl=C(CH3)O), 122.6 and 123.0 (C=CCH2S and 
C=CCH2S), 147.6 (CCl=C(CH3)O) ppm; IR (CCl4): ν 1805 (C=O), 1685, 1380, 1250, 1170, 
1020, 965 cm-1; MS (EI) m/e: 244 (M+), 211 (M+-S), 184 (M+-COS); HRMS (EI) m/e: 
244.0324±0.0010 (calc. C11H13O2ClS (M+): 244.0325). 
 
2-(3'-Spiro-2'-oxo-2',6'-dihydro-2H-pyran)-3,6-dihydro-4,5-dimethyl-2H-thiopyran (8c) 
Starting from 2-trimethylsilyloxy-3-trimethylsilyl-4,5-dihydro-2H-pyran (3c), compound 8c 
was obtained as a colorless oil (12%) after column chromatography with hexane / ethyl 
acetate (19:1 v/v). 
The spectral data were in agreement with those previously mentioned in this chapter. 
 
Pummerer reaction of 7d to produce compound 10d 
To 2-ethoxycarbonyl-3,6-dihydro-4,5-dimethyl-2H-thiopyran S-oxide (7d) (50 mg, 0.25 
mmol) dissolved in dichloromethane (2 ml), trimethylsilyl chloride (1 ml) was added and the 
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mixture was stirred at room temperature for 2h. The reaction was shown to be complete by 
gaschromatography. The mixture was concentrated under reduced pressure. The crude 
product was purified by column chromatography using hexane / ethyl acetate (9:1 v/v) giving 
10d as a slight yellow oil (98%). 
2-Ethoxycarbonyl-4,5-dimethyl-2H-thiopyran (10d) 
The spectral data were in agreement with those previously mentioned in this chapter. 
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CHAPTER  5 
 
 
                 
SYNTHESIS AND REACTIONS OF  
EPOXIDE SUBSTITUTED SULFINES* 
                 
 
 
 
5.1 Introduction 
 
In the last three decades the chemistry of functionalized small-ring heterocycles has been 
explored extensively in the Department of Organic Chemistry of the University of Nijmegen.  
The type of compounds investigated comprise epoxy sulfones[1], epoxy diazomethyl 
ketones[2], epoxy acyl azides[3], epoxy ketenes[4], epoxy isocyanates[3], aziridine-2-carboxylic 
esters[5], azirine-2-carboxylic acids[6], azirine sulfoxides[6] and azirine sulfones[6]. In all cases 
these compounds contain a second functional group in addition to the three-membered rings 
units. The ringstrain present in the three-membered rings is responsible for the high reactivity 
of these compounds. 
 
An interesting reaction of epoxy diazomethyl ketones is the photo-induced rearrangement to 
epoxy ketenes. In an inert medium these ketones are transformed into butenolides[4], as 
depicted in Scheme 5.1, line a. In alcoholic solvents these ketenes react to give γ-hydroxy, 
α,β-unsaturated esters. Epoxy isocyanates, which are generated from epoxy acyl azide by a 
Curtius rearrangement, similarly undergo an intramolecular ring expansion to give 
oxazolinones[3,4], as depicted in Scheme 5.1, line b. The rearrangement to the butenolide is 
                                                 
* A part of this chapter has been published: B. Zwanenburg, H.J.F. Philipse, M.M.H. Verstappen and R.G. 
Gieling; Phosphorus, Sulfur, Silicon & Relat. Elem. 120, 453 (1997). 
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thought to be a general reaction of a heterocyclic three-membered ring substituted by a 
heterocumulene[4]. 
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Scheme 5.1 
 
The last-mentioned reaction involves a heterocumulene. In this chapter the combination of an 
epoxide function with a sulfine as the heterocumulenic unit is considered. Epoxy sulfines and 
aziridines sulfines have not been described before. The intriguing question now arises whether 
these three-membered ring substituted sulfines will undergo an intramolecular ring expansion 
to the corresponding five-membered rings, as depicted in Scheme 5.2.  
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Scheme 5.2 
 
Earlier attempts to prepare epoxy sulfines involve the epoxidation of α,β-unsaturated sulfines 
and the thiono oxidation of thiono epoxy cinnamates (Scheme 5.3 and 5.4). In both cases no 
desired epoxy sulfine was obtained. The olefinic oxidation (Scheme 5.3) probably failed due 
to the competing oxidation of the sulfine moiety. The thiono oxidation (Scheme 5.4) would 
lead to an alkoxy substituted sulfine, which are not very stable, but that was not known at the 
time of the attempt[7]. 
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Scheme 5.3 
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Scheme 5.4 
 
5.2 Results and discussion 
 
A conceivable route to epoxy sulfines is to use a starting material that already contains the 
epoxide function and to introduce a thiocarbonyl unit that can be oxidized in a subsequent 
step. 
Recent progress in the chemistry of epoxide anions[9-15] offers good prospects for such an 
approach. Epoxide anions can be generated in several ways, typical examples are shown in 
Scheme 5.5. 
Deprotonation of epoxy sulfones with buthyllithium gives an epoxide anion, which can be 
quenched with various electrophiles (line a)[16-18,25,20]. Desulfinylation of epoxy sulfoxides 
using Grignard or lithium reagents produce anions, which on reaction with electrophiles give 
substituted epoxides (line b)[13-15]. Desilylation of silyl substituted epoxides can be achieved 
by treatment with fluoride ions to give epoxy anions (line c). Transmetallation of epoxy 
stananes also leads to epoxy anions. For the present study the epoxy sulfones seemed to be the 
most attractive starting materials (line a)[22]. 
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Scheme 5.5 
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Jackson et al.[9-11] demonstrated that the corresponding epoxide anions (see line a) are 
reasonably stable at –100ºC, which will allow the reaction with an appropriate electrophile 
containing the required thiocarbonyl group. 
 
A great variety of sulfines has been prepared from dithiocarboxylic esters. Efficient 
preparation methods of dithioesters are the reaction of anionic species like a carbanion or a 
Grignard reagent with carbon disulfide followed by quenching with an alkyl halide[12]. 
These two synthetic procedures mentioned above were never combined to generate an 
epoxide substituted dithioester[8]. Therefore, an epoxy dithioester was chosen as the primary 
target. 
 
The starting epoxy sulfones were prepared by a modified Darzens condensation using phase 
transfer conditions (Scheme 5.6)[28]. This condensation was carried out with six different 
types of aromatic aldehydes (Table 5.1). 
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Scheme 5.6 
 
Table 5.1 Formation of sulfone substituted epoxides 3 (Scheme5.6) 
 
Entry R Product Yield (%) 
1 Ph 3a 60 
2 p-Cl Ph 3b 46 
3 Mesityl 3c 85 
4 1-Naphthyl 3d 35 
5 2-Naphthyl 3e 69 
6 Antracyl 3f 20 
 
The procedure described by Jackson et al.[9-11] was used to generate the epoxide-anions. This 
involved deprotonation at -95˚C in a period of 10 min. The standard procedure for the 
preparation of dithioester was used (Scheme 5.7). Carbon disulfide was added to the anion at 
low temperature (-95ºC), then the temperature was slowly raised to –78ºC. The change of the 
color of the reaction mixture to deep red is indicative of the formation of the dithioate anion. 
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Quenching with methyl iodide then gave the dithioester 4, which could be isolated by 
extraction. Purification of the crude product by column chromatography on silica gel was 
problematic due to decomposition on the column. This explains the low yields of products 
(Table 5.2). The crude product contained variable amounts of starting material 3. Removal of 
3 by chromatography was only partially successful (see Table 5.2). 
 
O
SO2Tol
H
H
R
O
SO2TolH
R 2) MeI-95oC
O
SO2TolH
R SMe
S
1) CS2n-BuLi
3 4  
 
Scheme 5.7 
 
Table 5.2 Formation of dithioester substituted epoxides 4 (Scheme 5.7) 
 
   Crude Product Purified Product 
Entry R Product Ratio 4:3a Yield 4 (%) Ratio 4:3a Yield 4 (%) 
1 Ph 4a 1 : 1.5  60 1 : 0.67 15 
2 p-Cl Ph 4b 1 : 0.22 77 1 : 0.42b 40 
3 Mesityl 4c Only 4c 81 Only 4c 58c 
4 1-Naphthyl 4d 1 : 0.60 59 1 : 0.33 48 
5 2-Naphthyl 4e 1 : 6.1d 10  - 
6 Antracyl 4f 1 : 0.10   - 
a. Ratio of products as determined by 1H-NMR 
b. Starting with a ratio of 1: 0.54 before purification 
c. Purified by crystallisation 
d. Low conversion due to solubility problems of the epoxide 
 
For this reaction sequence the temperature control during deprotonation is very important 
(must be kept below –95ºC). The best result was obtained for the compound 4c with a mesityl 
substituent (entry 3). In case the epoxide anion is not very stable, as for instance for the p-
chlorophenyl substituted epoxide 3b, the temperature control is very critical. 
Except for 4c, which could be purified by crystallization, the purified product also contained 
variable amounts of starting material 3 (see Table 5.2). The dithioesters were characterized by 
spectral characteristics. 
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The oxidation of the dithioester unit in compound 4 was performed, either by the 
conventional peracid method using m-chloroperbenzoic acid, or by using dimethyl dioxirane 
(DMDO) as described in chapter 2. The peracid method requires an aqueous work-up to 
remove access peracid and m-chlorobenzoic acid. For substrate 4 this procedure led to 
substantial decomposition of the product. In the crude product mixture a small percentage of 
the desired sulfine is present, some starting material and large amounts of unidentified 
(polymeric) product. With DMDO, on the other hand, the results were much better, see Table 
5.3. 
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Scheme 5.8 
 
Table 5.3 Formation of epoxide substituted sulfines 5 (Scheme 5.8) 
 
Entry R Product Method Yieldb (%) 
1 p-Cl Ph 5b DMDOa 47 (17) 
2 p-Cl Ph 5b m-CPBAa (36) 
3 Mesityl 5c DMDO 91 (53) 
4 1-Naphthyl 5d DMDOa -c 
a. In situ generation of sulfine starting from a mixture of epoxide 3b and dithioester 4b 
b. Yields of purified product between parenthesis 
c. Sulfine could not be identified 
 
The starting material 4b (mixed with 3b) gave the sulfine 5b in a modest yield. The mesityl 
substituted product 5c was obtained in a good yield, although a considerable loss of material 
had to be accepted during column chromatography. The substrate 4d did not give any sulfine. 
In Figure 5.1 the PLUTON drawing and the ORTEP drawing of structure 5c is presented from 
the same viewpoint. 
The structure of sulfine 5c was secured by an X-ray diffraction analysis. This structure clearly 
reveals the Z-geometry of the sulfine moiety[8]. The oxidation of the dithioester unit is a 
kinetically controlled process. The severe steric hindrance of the sulfonyl substituted epoxide 
group apparently prevents the formation of any E-isomer, having the sulfine oxygen atom 
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pointing towards this substituent. The X-ray analysis also confirms the trans relationship of 
the p-tolylsulfonyl group and the mesityl group. The spatial position of the mesityl is 
characterized by the torsion angle O8-C7-C19-C20 which amounts 23º. The sulfine has two 
stereogenic centers, both enantiomers of the trans epoxide are present in the unit cell. 
  PLUTON Drawing 5c ORTEP Drawing 5c 
 
Figure 5.1 
 
An alternative route to an epoxy dithioester, involves desulfinylation of epoxy sulfoxide 6 to 
produce the required epoxide anion and subsequent reaction with carbon disulfide (Scheme 
5.9). The desulfinylation of 6 with butyl lithium gave a red anion. On treatment with carbon 
disulfide and methyl iodide the reaction mixture turned orange in color. After work-up an 
orange oil was obtained, which on crystallization gave a white solid. This compound was not 
a dithioate. In a second attempt a crude product was obtained which contained no aromatic 
protons and therefore cannot be the desired dithioester. This approach was then abandoned. 
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5.3 Reactions of an epoxide substituted sulfine 
 
Epoxy sulfine 5c was used as model compound to test the reactivity of this type of sulfines. 
Irradiation of sulfine 5c at 300 nm resulted in desulfurization to give thioloester 10. This 
photochemical behavior is fully in line with the expectation (Scheme 5.10). It is assumed that 
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this loss of sulfur proceeds via the intermediacy of a three-membered ring as is shown in 
Scheme 5.10. 
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Scheme 5.10 
 
The main aim of this study was to investigate whether these epoxy sulfines would undergo a 
ring expansion reaction, as depicted in Scheme 5.11 line A (see section 5.1). Another 
possibility would be a rearrangement to a disulfide as has been observed by Metzner, as 
depicted in Scheme 5.11, line B. Accordingly, the compound 5c was subjected to a variety of 
thermal conditions as depicted in Table 5.4. 
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Scheme 5.11 
 
Table 5.4 Stability tests of epoxy sulfine 5c (Scheme 5.11) 
 
Entry T(ºC) Time Solvent Condition Result 
1 20 2.5 months CDCl3 Dark Aldehyde formation 9% 
2 20 2.5 months CDCl3 Daylight Aldehyde formation 25% 
3 60 16 h CHCl3  Stable 
4 80 4 days benzene  Decomposition 
5 111 16 h toluene  Decomposition 
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In none of the experiments any of the expected products could be detected. An attempted ring 
expansion with BF3.Et2O as the Lewis acid catalyst did not give the expected product either. 
Thus, the ring expansion, for sure, is not an easy process, if it will be possible at all. 
 
A typical reaction of sulfines is the Diels-Alder reaction with 1,3-butadiens. Compound 5c 
was therefore exposed to a reaction with 2,3-dimethyl-1,3-butadiene. The Diels-Alder adduct 
shown in Scheme 5.12 was not obtained however. Probably, this substrate is too sterically 
hindered to allow a Diels-Alder reaction to occur.  
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Scheme 5.12 
 
 
5.4 Concluding remark 
 
The synthesis of an epoxide substituted sulfine has been completed successfully. No ring 
expansion to a five-membered ring product could be achieved. 
 
 
5.5 Experimental part 
 
General remarks 
IR spectra were recorded on a Perkin-Elmer 298 infrared spectrophotometer. 1H-NMR spectra 
were recorded on a Bruker AC 100 spectrometer with CHCl3 or SiMe4 as internal standard. 
13C-NMR spectra were recorded on a Bruker AC 100 spectrometer with CDCl3 as internal 
standard. Mass spectra were run on a double focusing VG 7070E mass spectrometer. Melting 
points were determined on a Reichert Thermopan microscope and are uncorrected. 
Dichloromethane was distilled from phosphorus pentoxide, tetrahydrofuran from lithium 
aluminium hydride, diethyl ether from sodium hydride, hexane from calcium hydride, ethyl 
acetate from potassium carbonate, thionyl chloride from triphenyl phosphite, and 2,6-lutidine 
and triethylamine from potassium hydroxide pellets. Glasswork was oven dried and all 
reactions were carried out under an inert atmosphere of argon. 
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Column chromatography was either performed at atmospheric pressure using silica gel 60 
(Merck) or as flash column chromatography with 1.5 bar pressure using silica gel 60H 
(Merck). 
 
Chloromethyl p-tolyl sulfone (2) 
To a mixture of sodium p-toluenesulfinate (263 g, 1.47 mol), dichloroacetic acid (197.3 g, 
1.54 mol) in water (160 ml) sodium carbonate (160 g, 1.51 mol) was added slowly. While 
stirring vigorously, the mixture was heated at reflux for 48h. After cooling to ambient 
temperature, chloroform was added (200 ml) and mixed well with the reaction mixture. The 
layers were separated. The organic layer was washed with water until the aqueous layer 
remained colorless (5 times). After evaporation of the chloroform and recrystallization from 
ethanol, white crystals of chloromethyl p-tolyl sulfone were obtained (213.7 g, 71%). 
mp: 79.5-80.5°C; 1H-NMR (CDCl3): δ  2.43 (s,3H,Tos-CH3), 4.28 (s,2H,-CH2Cl), 7.60(AB, 
4H, Ar-H) ppm;IR (KBr): υmax at 1300 en 1155 cm-1(SO2) cm-1. 
 
General method for the synthesis of the epoxides 3 
Acetonitrile (3 ml) was added to a stirred mixture containing chloromethyl p-tolyl sulfone 
(5.0 g, 24.45 mmol), aldehyde (27,50 mmol) and benzyltriethylammonium chloride (0.080 g, 
0.35 mmol). While stirring vigorously, sodium hydroxide (50% in water, 15 ml) was added. 
After 1 to 2 min a thick slurry was formed and extra acetonitrile (3 ml) and sodium hydroxide 
(50% in water, 10 ml) were added, after which stirring was continued for 30 min. The reaction 
mixture was filtered, the crystals were washed with large amounts of water until the washing 
remained neutral. Recrystallization from ethyl acetate resulted in the purified epoxide. 
 
Trans-ß-phenyl-α,β-epoxy p-tolyl sulfone (3a)[28] 
Starting from benzaldehyde (3.7 g, 35.6 mmol) and chloromethyl p-tolyl sulfone (6.47 g, 31.7 
mmol), the product was isolated as white crystals (5.21 g, 60%), after 1 crystallization from 
ethyl acetate. 
1H-NMR (CDCl3): δ  2.47 (s, 3H, CH3C6H4), 4.16 (d, 1H, Hα-epoxide), 4.56 (d, 1H, Hβ-
epoxide), 7.85 (B part of AB of CH3C6H4, 2H, H-Ar, CH3C6H4), 7.1 - 7.5 (m, 7H, H-Ar, Ph 
and CH3C6H4) ppm. 
 
Trans-ß-(p-chloro-phenyl)-α,β-epoxy p-tolyl sulfone (3b)[28] 
Starting from 3-chlorobenzaldehyde (17.0 g, 120.8 mmol)) and chloromethyl p-tolyl sulfone 
(20.9 g, 102.0 mmol), the product was isolated as white crystals (14.5 g, 46%), after 
crystallization from ethyl acetate methanol mixture. 
1H-NMR (CDCl3): δ  2.48 (s, 3H, CH3C6H4), 4.12 (d, 1H, Hα-epoxide), 4.54 (d, 1H, Hβ-
epoxide), 7.85 (B part of AB of CH3C6H4, 2H, H-Ar CH3C6H4), 7.1 - 7.5 (m, 6H, H-Ar p-Cl-
C6H4 and CH3C6H4) ppm. 
 
 
100 
Synthesis and reactions of epoxide substituted sulfines 
                                                                                                                                                        
Trans-(2,4,6-trimethylphenyl)-α,β-epoxy p-tolyl sulfone (3c) 
Preparation according the general procedure starting from 2,4,6-trimethylbenzaldehyde (4.1 g, 
27,50 mmol)). After 3 crystallizations, the product was isolated as white crystals (4.26 g, 
85%). 
mp: 118.5-119.5; 1H-NMR (CDCl3): δ  2.25 (s, 3H, p-CH3 mesityl), 2.35 (s, 6H, o-CH3 
mesityl), 2.47 (s, 3H, CH3C6H4), 4.07 (d, 1H, Hα-epoxide), 4.57 (d, 1H, Hβ-epoxide), 6.81 (s, 
2H, H-Ar mesityl), 7.62 (A, B, 4H, H-Ar, CH3C6H4) ppm; 13C-NMR (DEPT, CDCl3): δ  
19.60 (q, o-CH3 mesityl), 20.67 and 21.70 (q, p-CH3 mesityl and CH3C6H4), 56.36 (q, Cα-
epoxide), 69.97 (q, Cβ-epoxide), 128.81/128.90/130.06 (d, Ar-CH mesityl and 2x Ar-CH 
CH3C6H4), 126.70/133.96/136.93/138.43/145.64 (s, 3x C-Ar mesityl and 2x C-Ar CH3C6H4) 
ppm; IR (KBr): υmax at 1300 (s, SO), 1155 (s, SO), 1225 (m, epoxide), 880 (s, epoxide), 820 
(s, epoxide), 775 (s, epoxide) cm-1; MS(EI) m/e: 316 (M+), 162 (M+-tosyl), 91 (trop+); 
Elemental analysis: calculated for C18H20O3S (316.41): C: 68.33, H: 6.37, S: 10.13; found: C: 
68.20, H: 6.31, S: 9.82 %. 
 
Trans-ß-(1-naphthyl)-α,β-epoxy p-tolyl sulfone (3d) 
Preparation according the general procedure starting from 1-naphthyl aldehyde (2.58 g, 16.5 
mmol)). The product was isolated as white crystals (1.68 g, 35%), after two recrystallizations. 
mp: 125.8°C; 1H-NMR (CDCl3): δ  2.48 (s, 3H, CH3C6H4), 4.14 (d, 1H, Hα-epoxide), 5.15 (d, 
1H, Hβ-epoxide), 7.2 - 8.2 (m, 11H, H-Ar naphthyl and CH3C6H4) ppm; IR (KBr): υmax at 
1320 (s, SO), 1150 (s, SO), 1240 (m, epoxide), 860 (m, epoxide), 815 (m, epoxide), 750 (m, 
epoxide) cm-1; MS(EI) m/e: 324 (M+), 169 (M+-tosyl),155 (tosyl+), 141, 127 (naphthyl+), 91 
(trop+). 
 
Trans-ß-(2-naphthyl)-α,β-epoxy p-tolyl sulfone (3e) 
Preparation according the general procedure starting from 2-naphthyl aldehyde (1.0 g, 6.38 
mmol)). After recrystallization from a large amount of ethyl acetate, the product could be 
isolated as white crystals (1.27 g, 69%). 
mp: 168.0-169.0°C; 1H-NMR (CDCl3): δ  2.50 (s, 3H, CH3C6H4), 4.27 (d, 1H, Hα-epoxide), 
4.74 (d, 1H, Hβ-epoxide), 7.0 - 8.0 (m, 11H, H-Ar naphthyl and CH3C6H4) ppm; IR (KBr): 
υmax at 1320 (s, SO), 1150 (s, SO), 1225 (m, epoxide), 870(m, epoxide), 832 (m, epoxide), 
755(m, epoxide) cm-1; MS(EI) m/e: 324 (M+), 169 (M+-tosyl), 155 (tosyl+), 141, 127 
(naphthyl+), 91 (trop+). 
 
Trans-ß-(9-antracyl)-α,β-epoxy p-tolyl sulfone (3f) 
Preparation according the general procedure starting from 9-antracyl aldehyde (4.0 g, 19.4 
mmol)). After recrystallization from ethyl acetate the product was isolated as white crystals 
(1.42 g, 20%). The compound was thermally unstable, too long heating resulted in 
decomposition. 
mp: 168.0-169.0°C (d); 1H-NMR (CDCl3): δ  2.48 (s, 3H, CH3C6H4), 4.38 (d, 1H, Hα-
epoxide), 5.38 (d, 1H, Hβ-epoxide), 7.2 - 8.6 (m, 13H, H-Ar antracyl and CH3C6H4) ppm. 
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Decomposition product: δ  2.27 (s, 3H, CH3C6H4), 5.55 (s, 1H), 5.77 (d, 1H, Hα-aldehyde), 
6.6 - 8.0 (m, 13H, H-Ar antracyl and CH3C6H4), 9.39 (d, 1H, H-aldehyde)  
 
 
General method for the synthesis of trans epoxy dithioesters 
The epoxide starting material (4.07 mmol) was dissolved in fresh distilled THF (50-70 ml). 
The solution was cooled to –95ºC using a methanol/liquid nitrogen bath. After reaching this 
temperature a butyllithium solution in hexane (2.8 ml, 4.5 mmol) was added in about 2 min, 
using an oven dried syringe. If necessary the dosing rate was adapted to keep the temperature 
below –85ºC. About 2 min after completion of addition of butyllithium the carbon disulfide 
(0.36 ml, 6.1 mmol) was added in the same manner using another ovendried syringe. The 
temperature was slowly allowed to reach –78ºC and the cooling bath was replaced by an 
isopropyl alcohol/dry ice bath. At this temperature, the mixture was stirred for 30 min after 
which the mixture was quenched by adding methyl iodide (1.0 ml, 16.3 mmol) using an 
ovendried syringe. The mixture was stirred for 30 minutes at –78ºC and allowed to reach 
room temperature and then stirred for another 30 minutes. Work-up was performed by adding 
2 ml of saturated ammonium chloride solution and 10 ml of additional water. The aqueous 
layer was washed with dichloromethane and the combined organic layers were washed with 
water. The organic layer was dried with magnesium sulfate, filtered and concentrated. 
Crystallization from appropriate solvent(s) gave the crude dithioester epoxide. 
 
Methyl trans-2,3-epoxy-2-(4-tolylsulfonyl)-3-(4-chlorophenyl)-dithiopropanoate (4b) 
Synthesized according to the general procedure described above starting from trans-ß-(p-
chlorophenyl)-α,β-epoxy p-tolyl sulfone (3b) (0.20 g, 0.65 mmol). After addition of 
butyllithium, the solution colored orange-red. After addition of carbon disulfide the mixture 
became black. The crude product (244 mg) was isolated as an orange-black solid. Using NMR 
(based on the epoxide Hß) the ratio of dithioester: starting material was determined to be 
1:0.22 with a yield of 77% of the dithioester. This crude mixture was oxidized with DMDO. 
Attempts to purify the product by column chromatography over neutral aluminum oxide using 
a petroleum ether / ethyl acetate mixture of 4:1 as eluent resulted only in a small improvement 
of the dithioester / epoxide ratio, while the yield dropped substantially. Starting with a 
dithioester / epoxide ratio of 1:0.54 (yield 61%) a ratio of 1:0.42 (yield 40%) was obtained 
after column chromatography. 
1H-NMR (CDCl3)(crude): δ  2.43 (s, 3H, -SCH3 dithioester), 2.48 (s, 3H, CH3C6H4), 5.14 (s, 
1H, Hβ-epoxide), 7.1-7.5 (m, 6H, H-Ar), 7.76 (left part of AB, 2H, CH3C6H4) ppm. 
 
Methyl trans-2,3-epoxy-2-(4-tolylsulfonyl)-3-(2,4,6-trimethyl-phenyl)-dithiopropanoate (4c) 
Synthesized according to the general procedure described above starting from trans-(2,4,6-
trimethyl-phenyl)-α,β-epoxy p-tolyl sulfone (3c) (1.24 g, 3.91 mmol). The anion had a typical 
yellow color. After addition of carbon disulfide the solution changed color to orange-red. This 
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was also the color of the isolated solid material. Recrystallization gave orange-red crystals 
(0.759 g, yield 58 %) of 4c. 
mp: 138.0-142.0°C (d); 1H-NMR (CDCl3): δ  2.05 (s, 3H, -SCH3 dithioester), 2.25 (s, 3H, p-
CH3 mesityl), 2.39 (s, 6H, o-CH3 mesityl), 2.45 (s, 3H, CH3C6H4), 5.10 (s, 1H, Hβ-epoxide), 
6.70 (s, 2H, H-Ar mesityl), 7.55 (AB, 4H, CH3C6H4) ppm; 13C-NMR (DEPT, CDCl3): δ  
19.26/20.12/20.75/21.65 (4x q, o-CH3 mesityl / p-CH3 mesityl / CH3C6H4 / CH3 dithioester), 
64.47 (d, Cβ-epoxide), 82.58 (s, Cα-epoxide), 129.04/129.38/129.89 (d, Ar-CH mesityl, 2x 
Ar-CH CH3C6H4), 123.60/132.42/136.57/137.89/145.59 (s, 3x C-Ar mesityl / 2x C-Ar 
CH3C6H4), 217.57 (s, CS2Me) ppm; IR (KBr): υmax at 1335 (s, SO), 1150 (s, SO), 1060 (s, 
epoxide), 900 (m, epoxide) en 850 (w, epoxide) cm-1; MS(EI) m/e: 406 (M+), 251 (M+-tosyl), 
91 (trop+ of -CS2Me+); Elemental analysis: calculated for C20H20O3S3 (406.58): C: 59.08, H: 
5.45, S: 23.66; found: C: 59.07, H: 5.43, S: 22.73 %. 
 
Methyl trans-2,3-epoxy-2-(4-tolylsulfonyl)-3-(1-naphthyl)- dithiopropanoate (4d) 
Synthesized according to the general procedure described above starting from trans-ß-(1-
naphthyl)-α,β-epoxy p-tolyl sulfone (3d) (0.32 g, 1.00 mmol). The anion had a typical yellow 
color. After the addition of carbon disulfide the solution changed color to red-brown. The 
crude isolated product (450 mg) was an orange solid. By NMR the ratio dithioester: starting 
material was determined (1:0.60). Attempts to purify by recrystallization or column 
chromatography did not result in purified product. Column chromatography at best resulted in 
an 1: 0.33 ratio of product: starting material. The oxidation was performed with this mixture. 
1H-NMR (CDCl3): δ  2.19 (s, 3H, -SCH3 dithioester), 2.39 (s, 3H, CH3C6H4), 5.57 (s, 1H, Hβ-
epoxide) ppm. 
 
Methyl trans-2,3-epoxy-2-(4-tolylsulfonyl)-3-(2-naphthyl)- dithiopropanoate (4e) 
Synthesized according to the general procedure described above starting from trans-ß-(2-
naftyl)-α,β-epoxy p-tolyl sulfone (3e) (0.32 g, 1.0 mmol). The epoxide dissolved only 
partially in the THF (even after adding extra THF). No exothermic effect was observed when 
adding butyllithium and neither after adding the carbon disulfide. After work-up a yellow 
solid (0.24 g, yield 10%) was isolated. Analyses showed only a minimal amount of product. 
Using NMR the ratio dithioester: starting material was determined as 1: 6.1.  
1H-NMR (CDCl3): δ  5.30 (s, 1Hβ-epoxide) ppm. 
 
Methyl trans-2,3-epoxy-2-(4-tolylsulfonyl)-3-(9-antracyl)-dithiopropanoate (4f) 
Synthesized according to the general procedure described above, starting from trans-ß-(9-
antracyl)-α,β-epoxy p-tolyl sulfone (3f) (0.65 g, 1.73 mmol). After the addition of 
butyllithium the mixture changed color to red-black. After quenching with the ammonium 
chloride solution, the mixture was clear orange. The crude product was isolated as an orange 
solid. Using NMR the ratio of dithioester:starting material was determined (10:90). After 
recrystallization or column chromatography no purified dithioester could be isolated, probably 
due to instability of the dithioester. 
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1H-NMR (CDCl3)(crude): δ  1.85 (s, 3H, -SCH3 dithioester), 2.39 (s, 3H, CH3C6H4), 5.90 (s, 
1H, Hβ-epoxide) ppm. 
 
Oxidation of thiocarbonyl compounds with DMDO (general procedure) 
DMDO was prepared according to the procedure described in chapter 2. 
To a solution of a thiocarbonyl compound (1.66 mmol) in CH2Cl2 (15 ml) which was cooled 
at 0ºC, the DMDO solution in acetone (1.66 mmol) was gradually added. After 5 min of 
stirring, the completeness of the reaction was tested by thin layer chromatography. When 
necessary an extra amount of DMDO solution was added to complete the reaction. After 10 
min the reaction mixture was concentrated to yield the crude product. 
 
Methyl trans-2,3-epoxy-2-(4-tolylsulfonyl)-3-(3-chlorophenyl)-dithiopropionate S-oxide (5b) 
Synthesized according to the general procedure described above starting from a mixture of 
Methyl trans-2,3-epoxy-2-(4-tolylsulfonyl)-3-(3-chlorophenyl)-dithiopropionate (4b) 
and trans-ß-(p-chloro-phenyl)-α,β-epoxy p-tolyl sulfone (3b) in a ratio of 1:0.22 (0.122 g, 
0.26 mmol of 4b). After addition of 1.0 equiv of DMDO a mixture of sulfine, dithioester and 
epoxide remained (1.0:1.0:0.56). Purification by column chromatography, using petroleum 
ether: ethyl acetate 3:1 as eluent, resulted in (18 mg, yield 17%) of purified sulfine 5b. 
1H-NMR (CDCl3): δ  2.35 (s, 3H, -SCH3 dithioester), 2.50 (s, 3H, CH3C6H4), 5.11 (s, 1H, Hβ-
epoxide), 7.2-7.5 (s, 6H, H-Ar), 7.89 (left part of AB, 2H, CH3C6H4) ppm; IR (KBr): υmax at 
1335 (s, SO), 1150 (s, SO), 1115 (s, sulfine), 1015 (s, sulfine), 1085 (m, epoxide)  
cm-1. 
 
Methyl trans-2,3-epoxy-2-(4-tolylsulfonyl)-3-(2,4,6-trimethylphenyl)-dithiopropionate S-oxide 
(5c) 
Synthesized according to the general procedure described above. An excess of 20% DMDO 
was necessary to convert the maximum amount of dithioester. 
Evaporation of the solvent resulted in the crude product (91% by 1H-NMR). The crude 
product was crystallized from a ethyl acetate hexane mixture. After one recrystallization a 
yield of 53% was obtained as slightly yellow crystals. After 4 recrystallization steps, the yield 
was minimal but the crystals obtained were clear and slightly yellow to pink. 
mp: 168.5°C (d); 1H-NMR (CDCl3): δ  2.23 (s, 3H, -SCH3 dithioester), 2.31 (s, 3H, p-CH3 
mesityl), 2.39 (s, 6H, o-CH3 mesityl), 2.58 (s, 3H, CH3C6H4), 5.04 (s, 1H, Hβ-epoxide), 6.78 
(s, 2H, H-Ar mesityl), 7.65 (AB, 4H, CH3C6H4) ppm; 13C-NMR (DEPT, CDCl3): δ  
16.79/20.30/21.00/21.97 (4x q, o-CH3 mesityl / p-CH3 mesityl / CH3C6H4 / CH3 dithioester), 
63.99 (d, Cβ-epoxide), 75.24 (s, Cα-epoxide), 129.84/130.00 (d, Ar-CH mesityl, 2x Ar-CH 
CH3C6H4), 123.68/131.22/136.69/136.85/146.75 (s, 3x C-Ar mesityl en 2x C-Ar CH3C6H4), 
179.27 (s, CS2Me) ppm; IR (KBr): υmax at 1325 (s, SO), 1150 (s, SO), 1118 (s, sulfine), 1030 
(s, sulfine), 1085 (m, epoxide), 908 (s, epoxide) cm-1; MS(EI) m/e: 422 (M+), 406 (M+-O), 
390 (M+-S), 374 (M+-S=O), 303 (M+-mesityl), 267 (M+-tosyl), 119 (mesityl+), 91 (trop.+ of -
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CS2Me+); Elemental analysis: calculated for C20H22O4S3 (422.58): C: 56.85, H: 5.25, S: 
22.76; found: C: 56.82, H: 5.15, S: 22.00 %. 
 
S-methyl trans-2,3-epoxy-2-(4-tolylsulfonyl)-3-(2,4,'-trimethylphenyl)-thiopropanoate (10) 
In a irradiation tube the sulfine 5c (0,10 g) was dissolved in chloroform (45 ml). During 1h 
the solution was irradiated at 300nm using 4 TL lamps of 20W each. After concentrating of 
the reaction mixture the sulfine had completely disappeared. 
1H-NMR (CDCl3): δ 1,93 (s, 3 H, -SCH3 dithioester), 2.22 (s, 3H, p-CH3 mesityl), 2.31(s, 6H, 
o-CH3 mesityl), 2.47 (s, 3H, CH3C6H4), 4.93 (s, 1H, Hβ-epoxide), 6.75 (s, 2H, H-Ar mesityl), 
7.60 (AB, 4H, CH3C6H4) ppm; MS(EI) m/e: 390 (M+), 343 (M+-SMe), 235 (M+-tosyl), 179, 
139, 91 (trop+), 75 (O=C+-SMe). 
 
 
5.6 Appendix: Crystallographic data* 
Crystals of 5c suitable for X-ray were studies were obtained from ethyl acetate and hexane by 
slow cooling of the solvent. A single crystal was mounted in air on glass fiber. Intensity data 
were collected at –65ºC. An Enraf-Nonius CAD4 single crystal diffractometer was used, 
MoKα radiation. Unit cell dimensions were determined from the angular setting of 25 
reflections. Intensity data were corrected for Lorenz and polarization effects and semi-
empirical absorption correction (psi-scan[29]) was applied. The structure was solved by the 
program DIRDIF[27] (PATTY) and was refined with standard methods (refinement against F2 
of all reflections with SHELXL97[30]) with anisotropic parameters for non-hydrogen atoms. 
All hydrogen atoms were taken from a difference Fourier map and were freely refined. A 
structure determination summary is given in Table 5.5. A PLUTON[32] and an ORTEP 
drawing are shown in Figure 5.1. 
 
Table 5.5. Crystal data and structure refinement for 5c.  
Crystal color light yellow-pink 
Crystal shape regular 
Crystal size 0.40 x 0.32 x 0.32 mm  
Empirical formula C20H22O4S3 
Formula weight 422.56 g/mol 
Temperature 208(2) K 
Radiation MoKα (graphite monochromator) 
Wavelength 0.71073 Å 
                                                 
*  We like to thank Dr. W.P. Bosman, Dr. J.M.M. Smits and Dr. R. de Gelder for determining the crystal 
structure of compound 5c. 
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Crystal system, space group Monoclinic, C 2/c  
Unit cell dimensions a = 36.799(5) Å, α= 90º 
(25 reflections 13.055 < θ < 17.708) b = 8.0545(10) Å, β= 107.27(2)º 
 c = 13.995(3) Å, γ = 90º 
Volume 3961.1(11) Å3  
Z 8 
Calculated density 1.417 Mg/m3  
Absorption coefficient 0.398 mm-1  
Diffractometer / scan Enraf-Nonius CAD4 / omega-scan 
F(000) 1776 
θ range for data collection 1.16 to 24.96º 
Index ranges -43<=h<=43, -9<=k<=9, -16<=l<=16 
Reflections collected / unique  7076 / 3482 [Rint = 0.0332] 
Reflections observed 2672 ([Io>2σ(Io)]) 
Absorption correction Semi-empirical from psi-scans 
Range of relat. transm. factors 1.124 and 0.894 
Refinement method Full-matrix least-squares on F2 
Computing SHELXL-97 (Sheldrick, 1997) 
Data / restraints / parameters 3482 / 0 / 332 
Goodness-of-fit on F2 1.115 
SHELXL-97 weight parameters 0.090200 / 0.470300 
Final R indices [I>2σ (I)] R1 = 0.0537, wR2 = 0.1326 
R indices (all data) R1 = 0.0733, wR2 = 0.1443 
Largest diff. peak and hole 0.648 and -0.332 e. Å-3 
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CHAPTER  6 
 
 
                 
SYNTHESIS OF ALKYNYL SULFOXIDES  
BY NUCLEOPHILIC ADDITION OF 
ALKYNES TO SULFINES  
(A PRELIMINARY STUDY) 
                 
 
 
 
6.1 Introduction  
 
Sulfines (thiocarbonyl S-oxides) (1) can undergo nucleophilic additions in two different 
ways, namely a thiophilic or a carbophilic addition. Reactions with a variety of nucleophiles 
have been reported[1]. Generally, thiophilic addition is observed, however when a leaving 
group is attached to the sulfine moiety a carbophilic addition may occur. In this chapter the 
nucleophilic addition of acetylenic anions to sulfines and the influence of various 
electrophilic quenching agents on the product formation is reported. When acetylenic 
nucleophiles are used alkynyl sulfoxides 2 are the expected products which are potentially of 
interest for further synthetic elaboration (Scheme 6.1). 
 
R1 R2
S
O
Li R3
2. E+
1. S
O
R3
R1
R2E
1 2  
 
Scheme 6.1 
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6.2 Results and discussion 
 
Addition of terminal alkynes to di-p-tolylsulfine 
 
For the addition of an alkylacetylide anion to sulfine 3 two equivalents of nucleophile were 
used. The product of the addition of 1-hexyne and 1-octyne to di-p-tolylsulfine depends 
strongly on the type of electrophile used in the quenching reaction. When water, containing 
ammonium chloride, is used for this purpose the expected alkynyl sulfoxide 4 could be 
isolated, with trimethylsilylchloride the sulfine 3 is partly regenerated and also thioketone 10 
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Scheme 6.2 
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is formed. With methyl iodide as the quenching agent only 1,1-ditolylethene is obtained. The 
formation of the respective products in the three quenching modes can be explained as shown 
in Scheme 6.2 
 
The first step in all these reactions must be the addition of the acetylide anion to the sulfine. 
The delocalized anion formed, gives rise to different products depending on the electrophile 
used in the quenching reactions. The proton quenches the anion at the methylene carbon 
atom and alkynyl sulfoxide 4 is formed. However, trimethylsilyl chloride quenches the 
initially formed anion at the oxygen atom to give intermediate 5, which apparently readily 
eliminates silylacetylene regenerating the sulfine 3 or forms the corresponding thioketone 10. 
Methyl iodide quenches the adduct anion on carbon to give alkynyl sulfoxide 6 which is not 
stable and fragments fast to 1,1-ditolylethene 7 and alkynesulfenic acid 8. This sulfenic acid 
cannot be isolated, therefore a trapping reaction was performed in order to substantiate this 
suggested pathway. The results are collected in Table 6.1. 
 
 
Table 6.1. Products for the reaction of di-p-tolylsulfine with lithioalkynes (Scheme 6.2) 
 
Entry R1 R2 Electrophile Product Yielda(%) 
1 n-Bu - H+ 4a 36 
2 n-Hex - H+ 4b 84 
3 Ph - H+  no reaction 
4 OEt - H+  polymer 
5 n-Hex - Me3SiCl 3;10 50; 50 
6 n-Bu Ph MeI 9a;7 72; quant. 
7 n-Hex Ph MeI 9b;7 33b; quant. 
8 n-Hex Et MeI 9c;7 79; quant. 
a. Based on the sulfine 
b. 15 min between quenching and thiol addition 
 
Trapping this alkynesulfenic acid with thiols unexpectedly gave dithioesters. In order to 
explain the formation of these dithioesters, it is assumed that first an unsymmetric disulfide is 
formed. This disulfide then reacts with a second molecule of quenching thiol to give a 
thioketene, which upon reaction with thiol produces the isolated dithioesters (Scheme 6.3). 
For the first step, i.e. the formation of a disulfide from a sulfenic acid by reaction with a thiol, 
ample precedents are available in the literature. 
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Scheme 6.3 
 
This quenching reaction leading to dithioesters is a new and interesting way for the 
preparation of these type of compounds and therefore deserves a further investigation. 
The aliphatic acetylides react smoothly with di-p-tolylsulfine. Phenylethyne turned out to be 
unreactive. Ethoxyethyne[7] does react, but on quenching with water containing ammonium 
chloride, only an undefined polymeric product was obtained. 
 
 
6.3 Experimental part 
 
General: 
The glassware used was oven dried and placed under a stream of argon on cooling. All 
reactions were carried out under argon. 1H-NMR and 13C-NMR spectra were recorded on a 
Bruker AC100 NMR spectrometer using chloroform as internal standard, IR spectra were 
recorded on a Perkin Elmer 298 spectrophotometer. For mass spectroscopy a double focusing 
VG 7070 E was used. THF was distilled freshly from lithium aluminium hydride, diethyl 
ether from sodium hydride, ethyl acetate from potassium carbonate, dichloromethane from 
phophorpentoxide and petroleum ether from calcium hydride. For column chromatography 
silacagel 60 (Merck) was used. n-Butyllithium was purchased from Merck in a 1.6 molar 
solution in hexane. The sulfine were prepared according to Zwanenburg et al. [1,6]. 
 
General procedure for the addition of alkynes to sulfines: 
To a cooled solution (-78ºC) of the alkyne (0.8 mmol) in THF (15 ml) was added 0.5 ml of a 
solution of n-butyllithium (0.8 mmol) and the reaction mixture was stirred for 15 min. A 
solution of the sulfine (0.4 mmol) in THF (5 ml) was added dropwise and the mixture was 
stirred for another hour at –78ºC. The reaction was quenched with an electrophile and the 
resulting mixture was stirred for another 30 min and allowed to reach room temperature. The 
mixture was then poured into a saturated ammonium chloride solution and extracted with 
diethyl ether (3x). The combined organic layers were dried with MgSO4 and concentrated 
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under reduced pressure. The crude product was purified by silicagel column chromatography 
using a petroleum ether/ethyl acetate mixture as eluent. 
 
1-(1,1-Di-p-tolyl)methylsulfinyl-1-hexyne (4a) 
The crude product was purified by column chromatography using petroleum ether / ethyl 
acetate 99/1 to 1/1 as eluent giving compound 4a (36%). 
1H-NMR (CDCl3): δ 0.73-0.88 (m, 3H, CH2CH2CH2CH3), 1.20-1.42 (m, 4H, 
CH2CH2CH2CH3), 2.09-2.49 (m, 8H, CH2CH2CH2CH3 and 2PhCH3), 5.13-5.62 (m, 1H, 
Tol2CHSO), 7.34-7.80 (m, 8H, Ph) ppm; 13C-NMR (CDCl3): δ 13.62 (CH2CH2CH2CH3), 
19.44 (CH2CH2CH2CH3), 21.32 (CH2CH2CH2CH3), 21.62 (CH2CH2CH2CH3), 29.60 
(CH2CH2CH2CH3), 76.66 (Tol2CHSO), 89.00 (w, SOC=C), 106.72 (w,SOC=C), 129.13 (d, 
Ph), 129.26 (d, Ph), 129.38 (d, Ph), 129.56 (d, Ph), 137.92 (s, Ph), 138.47 (s, Ph) ppm; IR 
(CCl4): ν 2195 (C=C), 1075 (SO) cm-1. 
 
1-(1,1-di-p-tolyl)methylsulfinyl-1-octyne (4b) 
The crude product was purified by column chromatography using petroleum ether / ethyl 
acetate 99/1 to 1/1 as eluent giving compound 4b (84%). 
1H-NMR (CDCl3): δ 0.81 (t, 3H, J=5.8 Hz, CH2CH2CH2CH2CH2CH3), 1.15-1.37 (m, 8H, 
CH2CH2CH2CH2CH2CH3), 2.20 (t, 2H, J=6.9 Hz, CH2CH2CH2CH2CH2CH3), 2.26 (s, 6H, 
PhCH3), 5.16 (s, 1H, Tol2CHSO), 7.07-7.37 (m, 8H, Ar) ppm; 13C-NMR (CDCl3): δ 13.68 
(CH2CH2CH2CH2CH2CH3), 19.42 (CH2CH2CH2CH2CH2CH3), 20.98 (PhCH3), 22.25 
(CH2CH2CH2CH2CH2CH3), 27.26 (CH2CH2CH2CH2CH2CH3), 28.12 (CH2CH2CH2CH2-
CH2CH3), 31.02 (CH2CH2CH2CH2CH2CH3), 76.32 (Tol2CH), 106.46 (w, C=C), 128.60 (d, 
Ph), 129.05 (d, Ph), 129.22 (d, Ph), 131.23 (s, Ph), 131.78 (s, Ph), 138.00 (s, Ph), 138.11 (s, 
Ph) ppm; IR (CCl4): ν 2195 (C=C), 1070 (SO) cm-1. 
 
1,1-di-p-tolylethene (3) 
1H-NMR (CDCl3): δ 2.27 (s, 6H, PhCH3), 5.30 (s, 2H, C=CH2), 7.01-7.22 (AB, 8H, J=8.1 
Hz, Ar) ppm, GCMS (EI) m/e: 208 (100%, M+), 193 (M+-15), 178 (M+-30). 
 
General procedure for the synthesis of the dithioesters from sulfines by additions of alkynes: 
The same procedure as for the addition of alkynes to sulfines was followed. After addition of 
the methyl iodide (2 ml, 32 mmol) as the electrophile, the mixture was stirred for 5 min, then 
the thiol was added (excess) and the mixture was stirred for 4h and allowed to reach room 
temperature. The same work-up procedure was used as described above. 
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Phenyl hexanedithioate (9a) 
The crude product was purified by column chromatography using petroleum ether / 
triethylamine 99/5 as eluent giving compound 9a (72%). 
1H-NMR (CDCl3): δ 0.83 (t, 3H, J=6.5 Hz, CH2CH2CH2CH2CH3), 1.23-1.43 (m, 4H, 
CH2CH2CH2CH2CH3), 1.66-1.95 (m, 2H, CH2CH2CH2CH2CH3), 2.99 (t, 2H, J=7.5 Hz, 
CH2CH2CH2CH2CH3), 7.27-7.44 (m, 5H, Ph) ppm; 13C-NMR (CDCl3): δ 14.14 
(CH2CH2CH2CH2CH3), 22.55 (CH2CH2CH2CH2CH3), 31.12 (CH2CH2CH2CH2CH3), 51.51 
(CH2CH2CH2CH2CH3), 129.72 (d, Ph), 130.42 (d, Ph), 131.53 (s, Ph), 135.05 (d, Ph), 212.85 
(C=S) ppm; IR (CCl4): ν 1175 (C=S). MS (CI) m/e: 255 (M++1), 115 (100%, M++1-
109(SPh)), 109 (SPh) cm-1. 
 
Phenyl octanedithioate (9b) 
The crude product was purified by column chromatography using petroleum ether / 
triethylamine 99/5 as eluent giving compound 9b (33%). 
1H-NMR (CDCl3): δ 0.82 (t, 3H, J=5.6 Hz, CH2CH2CH2CH2CH2CH2CH3), 1.11-1.47 (m, 
8H, CH2CH2CH2CH2CH2CH2CH3), 1.73-1.88 (tt, 2H, J=7.3 Hz, CH2CH2CH2CH2CH2CH2-
CH3), 3.00 (t, 2H, J=7.5 Hz, CH2CH2CH2CH2CH2CH2CH3), 7.23-7.46 (m, 5H, Ar) ppm; 13C-
NMR (CDCl3): δ 13.97 (CH2CH2CH2CH2CH2CH2CH3), 22.50 (CH2CH2CH2CH2CH2CH2-
CH3), 28.63 (CH2CH2CH2CH2CH2CH2CH3), 28.64 (CH2CH2CH2CH2CH2CH2CH3), 31.13 
(CH2CH2CH2CH2CH2CH2CH3), 31.56 (CH2CH2CH2CH2CH2CH2CH3), 51.26 (CH2CH2-
CH2CH2CH2CH2CH3), 129.42 (d, Ph), 130.13 (d, Ph), 131.24 (s, Ph), 134.75 (d, Ph), 212.85 
(C=S) ppm; IR (CCl4): ν 1170 (C=S) cm-1; GCMS (EI) m/e: 252 (M+), 168 (M+-84(4xCH2)), 
143 (M+-109(PhS)), 109 (PhS+), 71 (100%, H2C=CH-CS+). 
 
Ethyl octanedithioate (9c) 
The crude product was purified by column chromatography using petroleum as eluent giving 
compound 9c (79%). 
1H-NMR (CDCl3): δ 0.82-0.92 (m, 6H, CH2CH2CH2CH2CH2CH2CH3 and SCH2CH3), 
1.24.1.37 (m, 8H, CH2CH2CH2CH2CH2CH2CH3), 1.67-1.89 (tt, 2H, CH2CH2CH2CH2-
CH2CH2CH3), 2.84 (t, 2H, J=6.9 Hz, CH2CH2CH2CH2CH2CH2CH3), 3.10-3.32 (q, 2H, J=7.5 
Hz, SCH2CH3) ppm; 13C-NMR (CDCl3): δ 12.00 (SCH2CH3), 13.67 (CH2CH2CH2CH2-
CH2CH2CH3), 22.42 (CH2CH2CH2CH2CH2CH2CH3), 28.52 (CH2CH2CH2CH2CH2CH2CH3), 
28.77 (CH2CH2CH2CH2CH2CH2CH3), 30.77 (SCH2CH3), 31.17 (CH2CH2CH2CH2CH2CH2-
CH3), 31.48 (CH2CH2CH2CH2CH2CH2CH3), 52.03 (CH2CH2CH2CH2CH2CH2CH3), 213.07 
(C=S) ppm; IR (CCl4): ν 1195 (C=S) cm-1; MS (CI) m/e: 205 (M++1), 175 (M+-Et), 149, 143 
(M+-SEt), 57 (100%, CH=CS+), 109. 
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SUMMARY 
                 
 
 
This thesis deals with new synthesis routes towards sulfines, with the aim to extend the 
fundamental knowledge of these classes of organosulfur compounds. 
 
In the introductory chapter 1 a brief overview of the most recent features, synthetic strategies 
and reactions of sulfines is presented. 
 
Chapter 2 focuses on the synthesis of sulfines by using dimethyl dioxirane (DMDO) as 
oxidizing reagent. The chapter starts with an introduction on the oxidation of thiocarbonyl 
compounds towards sulfines and with an overview of the oxidizing reagents reported so far 
for this purpose. Also a brief overview is given on the general use of dioxiranes as oxidizing 
reagent in the organic synthesis. 
Oxidation of thiocarbonyl compounds using dioxiranes, especially DMDO, would have an 
advantage compared to the known methods (Scheme 1). The side-product formed during the 
reaction (acetone) can be removed easily by evaporation leaving the crude sulfine. Aqueous 
work-up procedures thus can be avoided which is advantageous for sulfines with a limited 
stability. 
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OO CH2Cl2
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Scheme 1 
 
It was shown that DMDO is an excellent oxidizing agent for the preparation of a variety of 
sulfines, viz. those derived from diaryl thioketones, dithioesters, thiobenzoyl chloride and 
thiophosgene. The selectivity for one of the geometrical isomers of the sulfines, when not 
sterically hindered, is low, in about the same range as observed for other oxidizing agents. 
Also a sterically hindered dithioester was oxidized resulting a kinetic preference for the 
formation of the Z-isomer. 
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In chapter 3 the sulfine formation via of base induced silanolate elimination is reported. In 
the introduction a summary is given of base induced elimination reactions leading to sulfines, 
e.g. elimination of hydrochloric acid, of heteroatom leaving groups, of chloroform and of the 
phthalate leaving group. 
 
The dehydrosiloxylation of silyl sulfinate esters is an alternative route for the preparation of 
sulfines (Scheme 2). The preparation of the required starting materials, viz. silyl sulfinic 
esters, is limited to the use of silyl ketene acetals derived from carboxylic esters. 
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Scheme 2 
 
It was found that the addition of one equivalent of trimethylsilyl chloride as a scavenger for 
the liberated trimethylsilanolate is essential. The best results were obtained for the synthesis 
of (alkoxycarbonyl) sulfines having an aromatic group as second sulfine substituent. 
 
When the sulfine contains an α-CH2CH2 unit, an unprecedented formation of α,β-unsaturated 
thiones was observed. These thiones are formed by elimination of trimethylsilanolate from the 
initially formed silyl esters of vinylsulfenic acids as depicted in the Scheme 3. 
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Scheme 3 
 
In chapter 4 two new synthetic methods for the preparation of sulfines using a non-base 
promoted elimination are presented. These methods were designed by making a combination 
of the dehydrosiloxylation (a), the dehydrochlorination (b) and the modified-Peterson method 
(c) for sulfine synthesis (Scheme 4). 
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Scheme 4 
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The new methods, viz. the desilylsiloxylation (a) and the desilylchlorination (b), are shown in 
Scheme 5. 
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Scheme 5 
 
The synthesis of α-oxo sulfines 2 using the desilylsiloxylation method is depicted in Scheme 
6. 
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Scheme 6 
 
The α-silyl ketene silyl acetals 1 were prepared by treating five- and six-membered ring 
lactones with trimethylsilyl triflates in the presence of triethylamine. 
The lactone-derived α-silyl silyl sulfinate esters 2, were prepared in situ by the reaction of α-
silyl ketene silyl acetals 1 with sulfur dioxide (Scheme 6). In the case of the five-membered 
ring substrates the α-silyl silyl sulfinate ester 2 (n=0) was isolated together with some sulfine 
3 (n=0). Attempts to complete desilylsiloxylation of α-silyl silyl sulfinate esters 2 (n=0) to 
give sulfine 3 (n=0) were unsuccessful. For the six-membered ring substrate no α-silyl silyl 
sulfinate ester 2 (n=1) was isolated, only sulfine 3 (n=1) and some δ-lactone were obtained. 
This points to the fast desilylsiloxylation reaction of α-silyl silyl sulfinate ester 2 (n=1) to 
give the sulfine 3 (n=1). The δ-lactone is formed by partial hydrolysis of the sulfine. The 
different behavior of the five- and six-membered ring substrates is attributed to the difference 
in ring strain of these compounds. 
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When the reactions are performed in the presence of 2,3-dimethyl-1,3-butadiene, the Diels-
Alder adducts 4 (dihydrothiopyran S-oxides) were isolated for both the five- and six-
membered ring α-sulfinyl lactones 3 (n=0,1). Both types of sulfines show a considerable 
difference in stability during column chromatography. 
 
A by-product in this trapping reaction with diene is the thiopyran 6 derived from α,β-
unsaturated thioketones 5. The formation of these by-products can be explained as shown in 
Scheme 7 assuming the initial O-silylation of sulfine 3. 
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Scheme 7 
 
The desilylchlorination is successful for the five-membered as well as for the six-membered 
ring lactone derived substrates.  
Reaction of the ketene acetal 1 with thionyl chloride provides the required starting material α-
silyl sulfinyl chloride 7, which however is too unstable to allow its isolation. It spontaneously 
undergoes an elimination reaction to give the sulfine 3 (Scheme 8, for the substrate derived 
from γ-lactone). When adding 2,3-dimethyl-1,3-butadiene as trapping agent the expected 
cycloadducts 4 could be isolated together with the deoxygenated cycloadduct 9. A tentative 
explanation of the formation of this deoxygenated cycloadduct 9 is given in Scheme 8. 
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Scheme 8 
 
For α-silyl ketene silyl acetal 3d derived from ethyl acetate the reaction with thionyl chloride 
in the presence of 2.3-dimethyl-1,3-butadiene was more tricky. The expected cycloadduct 8d 
could only be isolated under specific conditions. Thiopyran 10d was isolated as a by-product, 
which probably is formed by a Pummerer reaction of the cycloadduct 8d with trimethylsilyl 
chloride. 
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Scheme 9 
 
When the reaction of 3 is conducted in the presence of trimethylsilyl chloride but in the 
absence of any base, the major product is the cycloadduct 8 along with a small percentage of 
the deoxygenated cycloadduct 9. When tertiary amine is present however, the only product is 
the cycloadduct 5 of the α,β-unsaturated thioketone with 2,3-dimethyl-1,3-butadiene (Scheme 
10). Thus, for the reaction that produces the α,β-unsaturated thioketone base is truly 
necessary. 
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Scheme 10 
 
The chapter is concluded with a detailed mechanistic discussion of the desilylsiloxylation and 
the desilylchlorination. 
 
In chapter 5 the synthesis of epoxide substituted sulfines is described. 
The starting materials were epoxy sulfones, which on deprotonation with strong base and 
subsequent reaction with carbon disulfide and methyl iodide give epoxy dithioesters 12. 
Oxidation of these epoxy dithioesters 12 with DMDO gave the corresponding sulfines 13 
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Scheme 11 
 
The structure of the epoxy sulfine 13c (with R = mesityl) was secured by an X-ray diffraction 
analysis. 
 
Attempts to accomplish a ring expansion reaction of the epoxy sulfine 13c (R = mesityl), to 
the five-membered ring product in analogy with the formation of butenolides from epoxy 
ketenes, were unsuccessful (Scheme 13). 
 
A preliminary study of the nucleophilic addition of acetylides derived from terminal alkynes 
to sulfines is described in chapter 6. The product of the addition of 1-hexyne and 1-octyne to 
di-p-tolylsulfine 14 depends strongly on the type of electrophile used in the quenching 
reaction. When water, containing ammonium chloride, is used for this purpose the expected 
alkynyl sulfoxide 15 was isolated, with trimethylsilylchloride the sulfine 14 is partly 
regenerated and also thioketone 16 is formed. With methyl iodide as the quenching agent only 
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1,1-ditolylethene is obtained. Trapping the also formed alkynesulfinic acid with thiols 
unexpectedly gave dithioesters 17. The formation of the respective products in the three 
quenching modes can be explained as shown in Scheme 12. 
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Scheme 12 
 
A summary in English and Dutch concludes this thesis. 
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In dit proefschrift worden nieuwe synthese routes naar sulfinen beschreven, met als doel om 
de fundamentele kennis van deze klasse van verbindingen te vergroten. 
 
In het inleidend hoofdstuk 1 wordt een korte samenvatting van de meest recente aspecten, 
synthese strategieën en reacties van sulfinen gepresenteerd. 
 
Hoofdstuk 2 concentreert zich op de synthese van sulfinen door het gebruik van 
dimethyldioxirane (DMDO) als oxidator. Het hoofdstuk start met een introductie over de 
oxidatie van thiocarbonyl verbindingen naar sulfinen en met een kort overzicht van de 
oxidatoren tot nu toe gerapporteerd voor dit doel. Ook is een kort overzicht gegeven over het 
algemene gebruik van dioxiranen als oxidatoren in de organische chemie. 
 
Oxidatie van thiocarbonyl verbindingen door middel van dioxiranen, speciaal DMDO, zou 
een voordeel hebben in vergelijking tot de bekende methodes (Schema 1). Het bijproduct 
gevormd tijdens de reactie (aceton) kan gemakkelijk verwijderd worden door verdamping 
waardoor het ruwe sulfine achterblijft. Waterige opwerkprocedures kunnen dus vermeden 
worden wat een voordeel is voor sulfinen met een beperkte stabiliteit 
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Schema 1 
 
Er is gedemonstreerd dat DMDO een zeer geschikte oxidator is voor de synthese van een 
verscheidenheid van sulfinen, te weten die afgeleid van diarylketonen, dithiesters, 
thiobenzoylchloride en thiofosgeen. De selectiviteit voor en van de geometrische isomeren 
van de sulfinen is laag, in ongeveer dezelfde bereik als gezien voor andere oxidatoren. Ook 
een sterisch gehinderd dithioester was geoxideerd resulterend in een kinetische voorkeur voor 
de vorming van het Z-isomeer. 
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In hoofdstuk 3 de sulfine vorming via een base geïnduceerde silanolaat eliminatie is 
gerapporteerd. In de inleiding is een samenvatting gegeven over base geïnduceerde 
eliminaties leidend naar sulfinen, bijvoorbeeld eliminatie van zoutzuur, van een heteroatoom 
vertrekkende groep, van chloroform en van een phtalaat vertrekkende groep. 
 
De dehydrosiloxylering van silyl-sulfinaatesters is een alternatieve route voor de synthese van 
sulfinen (Schema 2). De bereiding van de benodigde startmaterialen, te weten silyl-
sulfinylesters, is beperkt tot het gebruik van silyl-keteenacetalen afgeleid van carboxyesters. 
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Schema 2 
 
Er is gevonden dat de additie van één equivalent van trimethylsilylchloride als afvanger voor 
het vrij gekomen trimethylsilanolaat essentieel is. De beste resultaten werden verkregen voor 
de synthese van (alkoxycarbonyl)sulfinen welke een aromatische groep als tweede sulfine 
substituent hebben. 
Als het sulfine een α-CH2CH2 eenheid bevat werd er een onbekende vorming van α,β-
onverzadigde thionen gezien. Deze thionen worden gevormd door de eliminatie van 
trimethylsilanolaat van de oorspronkelijk gevormde silylesters van vinylsulfenylzuren als 
weergegeven in Schema 3. 
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Schema 3 
 
In hoofdstuk 4 worden twee nieuwe synthese methodes voor de synthese van sulfinen 
gebruikmakend van niet-base geïnitieerde eliminatie gepresenteerd. Deze methodes werden 
ontworpen door een combinatie te maken van de dehydrosiloxylering (a), de 
dehydrochlorinering (b) en de gemodificeerde Peterson olefinering (c) voor de synthese van 
sulfinen (Schema 4). 
 
S
O O
Me3Si R2R1
R1
S
O
R2
- Me3SiOMe3Si R2R1
H 1. base
2. SO2
S
Me3SiO O
R2
R1
R1
S
O
R2
- O(SiMe3)2
S
Me3SiO O
R2
R1
H
base
Dehydrosiloxylation
Modified Peterson olefination
ClSiMe3 (a)
(c)
S
Cl O
R2
R1
R1
S
O
R2
S
Cl O
R2
R1
H
base
Dehydrochlorination
(b)
-HCl
 
 
Schema 4 
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Deze nieuwe methodes, te weten de desilylsiloxylering (a) en de desilylchlorinering (b), 
worden weergegeven in Schema 5. 
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Schema 5 
 
De synthese van α-oxo sulfinen 2 gebruik makend van de desilylsiloxylerings methode is 
weergegeven in Schema 6. 
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Schema 6 
 
De α-silyl-keteen-silylacetalen 1 werden gemaakt door vijf- en zes-ring lactonen te 
behandelen met trimethylsilyltriflate in de aanwezigheid van triethylamine. 
De van het lacton afgeleide α-silyl-silyl-sulfinaat-esters 2 werden in situ gemaakt door de 
reactie van de α-silyl-keteen-silylacetalen 1 met zwaveldioxide (Schema 6). In het geval van 
de vijf-ring substraten werd het α-silyl-silyl-sulfinaatester 2 (n=0) samen met een kleine 
hoeveelheid sulfine 3 (n=0) geïsoleerd. Pogingen om de desilylsiloxylering van de α-silyl-
silyl-sulfinaatester 2 (n=0) te completeren waren niet succesvol. Voor de zes-ring substraten 
werd er geen α-silyl-silyl-sulfinaat-ester 2 (n=1) geïsoleerd, alleen het sulfine 3 (n=1) en wat 
δ-lacton werden verkregen. Dit wijst op een snelle desilylsiloxylering van α-silyl-silyl-
sulfinaat-ester 2 (n=1) naar het sulfine 3 (n=1). Het δ-lacton word gevormd door de partiële 
hydrolyse van het sulfine. Het verschil in gedrag van de vijf- en zes-ring substraten is toe te 
schrijven aan het verschil in ringspanning van deze verbindingen. 
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Als de reacties worden uitgevoerd in de aanwezigheid van 2,3-dimethyl-1,3-buadieen worden 
de Diels-Alder adducten 4 (dihydrothiopyran-S-oxide) geïsoleerd voor zowel de vijf- als zes-
ring α-sulfinyl-lactonen 3 (n=0,1). Beide typen van sulfinen laten een duidelijk verschil in 
stabiliteit tijdens kolomchromatografie zien. 
 
Een bijproduct tijdens het afvangen met het dieen is het thiopyran 6 afgeleid van α,β-
onverzadigd thioketon 5. De vorming van deze bijproducten kunnen verklaard worden zoals 
weergegeven in Schema 7 veronderstellend initiële O-silylering van het sulfine 3. 
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Schema 7 
 
De desilylclorinering is succesvol voor zowel van de vijf- als zes-ring lacton afgeleide 
substraten. 
Reactie van α-silyl-keteen-silyl-acetaal 1 met thionylchloride geeft het benodigde 
startmateriaal α-silyl-sulfinylchloride 7, wat echter te labiel om te kunnen isoleren. Het 
ondergaat een spontane eliminatie reactie naar het sulfine 3 (Schema 8, voor het substraat 
afgeleid van het γ-lacton). Als 2,3-dimethyl-1,3-butadieen als afvangreagens wordt 
toegevoegd, kunnen de verwachte cycloadducten 4 geïsoleerd worden samen met het 
gedeoxygeneerde cycloadduct 9. Een mogelijke verklaring voor de vorming van dit 
gedeoxygeneerde cycloadduct 9 is gegeven in Schema 8. 
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Schema 8 
 
Voor α-silyl-keteen-silylacetaal 3d afgeleid van ethylacetaat is de reactie met thionylchloride 
wat meer kritisch. Het verwachte cycloadduct 8d kan alleen geïsoleerd worden onder 
specifieke omstandigheden. Thiopyran 10d werd geïsoleerd als bijproduct, welke 
waarschijnlijk gevormd is door een Pummerer reactie van cycloadduct 8d met 
trimethylsilylchloride. 
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Schema 9 
 
Als de reactie van 3 wordt uitgevoerd in de aanwezigheid van trimethylsilylchloride maar in 
de afwezigheid van base, is het hoofdproduct het cycloadduct 8 samen met een klein 
percentage van gedeoxygeneerd cycloadduct 9. Als er echter tertiaire amine aanwezig is het 
enige product het cycloadduct 5 van het α,β-onverzadigde thioketon met 2,3-dimethyl-1,3-
butadieen (Schema 10). Dus voor de reactie waarbij α-β-onverzadigde thioketonen gevormd 
worden is werkelijk base noodzakelijk. 
 
130 
Samenvatting 
                                                                                                                                                        
1. Et3N, ClSiMe3 S
O
2. SOCl2 +O
OSiMe3
Me3Si
R
O
R
O
S
O
R
O
3 8 9
0oC
S
O
R
O
5
+
( )n
n( ) n( ) n( )
 
 
Schema 10 
 
Het hoofdstuk wordt gecompleteerd met een gedetailleerde mechanistische discussie van de 
desilylsiloxylering en de desilylchlorinering. 
 
In hoofdstuk 5 wordt de synthese van epoxy-gesubstitueerde sulfinen beschreven. 
Het startmateriaal waren epoxysulfonen, welke door deprotonering met sterke base met 
daaropvolgend een reactie met carbondisulfide en methyljodide, het epoxydithioester 12 
geven. Oxidatie van deze epoxydithioesters 12 met DMDO gaven de corresponderende 
sulfinen 13. 
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Schema 11 
 
De structuur van epoxysulfine 13c (met R=mesityl) is bevestigd door een röntgenanalyse. 
 
Pogingen om een ringexpansie-reactie van sulfine 13c (R=mesityl) naar een vijfring product, 
in analogie met de vorming van butenolides uit epoxyketenes, te bewerkstelligen waren niet 
succesvol (Schema 13). 
 
Een voorbereidende studie naar de nucleofiele additie van acetylides afgeleid van terminale 
alkynen aan sulfinen is beschreven in hoofdstuk 6. Het product van de additie van 1-hexyn en 
1-octyn aan di-p-tolylsulfine 14 hangt sterk af van het type electrofiel wat gebruikt wordt 
tijdens het quenchen van de reactie. Als water met ammonium chloride gebruikt wordt voor 
deze toepassing wordt het verwachte alkynyl-sulfoxide 15 geïsoleerd, met 
trimethylsilylchloride wordt het sulfine 14 gedeeltelijk geregenereerd en ook thioketon 16 
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wordt gevormd. Met methyjodide als quenching agent wordt alleen 1,1-ditolyletheen 
verkregen. Afvangen van het ook gevormde alkynsulfinylzuur met thiolen gaf onverwacht 
dithioesters 17. De vorming van deze respectievelijke producten in de drie quench methoden 
kunnen verklaart worden als weergegeven in Schema 12. 
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Schema 12 
 
Een samenvatting in Engels en Nederlands complementeert dit proefschrift. 
 
132 
                  
PUBLICATIONS AND 
PRESENTATIONS 
                 
 
 
Publications 
 
• B. Zwanenburg, T.J.G. Damen, H.J.F. Philipse, R.C. de Laet and A.C.B. Lucassen; 
Phosphorus, Sulfur and Silicon 153/154, 119 (1999). 
• B. Zwanenburg, H.J.F. Philipse, M.M.H. Verstappen and R.G. Gieling; Phosphorus, 
Sulfur, Silicon & Relat. Elem. 120, 453 (1997). 
 
Posters and Presentations 
 
• New approach to the synthesis of sulfines and related sulfur compounds, H.J.F. 
Philipse and B. Zwanenburg. Poster presentation during the “3rd International 
Conference on Hetero Atom Chemistry” (ICHAC-3) in Riccione, Italy (June 1992). 
• New Synthesis of sulfines, H.J.F. Philipse, R.C. de Laet and B. Zwanenburg. Oral 
communication during the “3rd Bologna Nijmegen Mini Symposium” (BoNiMi-3) in 
Bologna, Italy (September 1992). 
• New approach to the synthesis of sulfines, H.J.F. Philipse and B. Zwanenburg. Poster 
presentation during visit of several Japanese Universities (Science University of 
Tokyo, Karurazaka; University of Tokyo, Bunkyo-ku; University of Kyoto; University 
of Hiroshima; University of Tokosjima; University of Nagoya) and industrial 
companies (Sankyo, Tokyo; Shionogi& Co., Osaka; Otsuka, Tokoshima) during the 
Japan Tour of the department of Organic Chemistry of University of Nijmegen 
(October 1992) 
• Heterocycles from sulfines, R.C. de Laet, H.J.F. Philipse, J.B. van der Linden and B. 
Zwanenburg. Poster presentation during the “23rd Annual Meeting of Heterocyclic 
Chemistry” in Nagoya, Japan (October 1992) 
• The nucleophilic addition of acetylenic ethers to sulfines and sulfinates, H.J.F. 
Philipse, J.F. Reichwein, B.J. Wibier, B. Zwanenburg. Oral communication during the 
“4th Bologna Nijmegen Mini Symposium” (BoNiMi-4) in Nijmegen (May 1994). 
133 
Publications and Presentations 
                                                                                                                                                        
• Reactions of sulfines with unsaturated carbon nucleophiles, H.J.F. Philipse, J.F. 
Reichwein, B.J. Wibier, B. Zwanenburg. Poster presentation during the “15th 
International Symposium on the Organic Chemistry of Sulfur” (ISOCS-15) in 
Merseburg, Germany (June 1994). 
• Reactions of sulfines with unsaturated carbon nucleophiles, H.J.F. Philipse, J.F. 
Reichwein, B.J. Wibier, B. Zwanenburg. Poster presentation during the SON-meeting 
in Lunteren (October 1994). 
• Synthesis of alkynyl sulfoxides by nucleophilic addition of acetylide anions to sulfines 
and sulfinate esters, H.J.F. Philipse, J.F. Reichwein, B. Zwanenburg. Poster 
presentation during the “209th American chemical Society National Meeting” in 
Anaheim, California (April 1995). 
• Silicon mediated sulfine synthesis, H.J.F. Philipse, R.C. de Laet, H.J.G. Broxterman, 
B. Zwanenburg. Oral communication during the SON-meeting in Lunteren (October 
1995). 
 
134 
                  
DANKWOORD 
                 
 
 
Allereerst wil ik mijn promotor professor dr. Binne Zwanenburg hartelijk danken voor het in 
mij gestelde vertrouwen. De grote mate van vrijheid tijdens het promotieonderzoek heb ik 
altijd gewaardeerd. Speciale dank voor de ondersteuning en begeleiding tijdens het afronden 
van dit proefschrift. Het waren inderdaad de bekende laatste loodjes. 
 
In het bijzonder een woord van dank aan de studenten die in hun stage een bijdrage hebben 
geleverd aan het in dit proefschrift beschreven onderzoek: William Rooks, John Reichwein, 
Benno Wibier en Tommaso Palazzi. 
 
De directe collega’s van de zwavelgroep Andy de Laet, Eddy Damen, Hans van der Linden en 
Helgo Broxterman zou ik hierbij ook bijzonder willen bedanken voor hun ondersteuning, 
adviezen en de zeer prettige en stimulerende samenwerking. 
Daarnaast natuurlijk ook dank aan alle studenten en stagiaires die in deze periode in de 
zwavelkamer hebben gewerkt, ook zij waren een belangrijke bijdrage aan de zeer prettige 
werksfeer. 
 
Op de afdeling organische chemie zijn tijdens mijn promotietijd vele collega AIO’s, OIO’s, 
studenten en stagiaires de revue gepasseerd. Zonder iemand te kort te willen doen zou ik hen 
allen hierbij willen bedanken voor de getoonde interesse en prettige samenwerking. De vele 
sociale activiteiten zorgden voor een uitstekende sfeer en zijn ook een bron van leuke 
herinneringen. De studiereizen naar Japan (1992) en Californië (1995) zijn hier twee 
specifieke voorbeelden van. 
 
Natuurlijk niet te vergeten in dit dankwoord is de staf van de afdeling: Dr. Ton Klunder, Dr. 
Gordon Chittenden, Dr. Bertus Thijs, Dr. Gérard Nefkens, Jan Dommerholt, Henk Regeling 
en Dr. Gerry Arriaans. Bedankt voor de steun, de helpende hand en de creatieve ideeën. 
 
Voor de noodzakelijke analytische ondersteuning bedank ik Ad Swolfs (Advanced NMR), 
Peter van Galen (massaspectrometrie) en Helene Amatdjais-Groenen (elementenanalyse). 
135 
Dankwoord 
                                                                                                                                                        
Chris Kroon, Wim van Luyn en Ruud Zwijnen bedankt voor het bestellen en beheren van de 
chemicaliën. Voor de secretariële ondersteuning kon je altijd aankloppen bij Ietje Dorhout, 
Sandra Tijding, Nelly Weustink, Leyla Karakas en Jacky Versteeg, ook jullie hartelijk 
bedankt. 
 
Inge, tot slot dank ik jou voor je geweldige steun, geduld en vertrouwen in de afgelopen jaren. 
Daarmee heb jij een belangrijke bijdrage geleverd aan de totstandkoming van dit proefschrift. 
Nu is het dan eindelijk zover en kan dit hoofdstuk worden afgesloten! 
 
 
Erik  Philipse 
 
136 
                  
CURRICULUM VITAE 
                 
 
 
Erik Philipse werd geboren op 3 september 1968. Van augustus 1979 tot juni 1985 bezocht hij 
het Elzendaal College te Boxmeer, alwaar hij het HAVO diploma behaalde. In augustus van 
datzelfde jaar begon hij een studie Hoger Laboratorium Onderwijs aan de Hogeschool Venlo. 
Na een met goed gevolg afgesloten Propedeutische jaar werd er in september 1986 gestart met 
de studie scheikunde aan de Katholieke Universiteit Nijmegen, waarvoor hij in juli 1987 zijn 
Propedeutisch examen behaalde. Tijdens deze studie is een uitgebreide hoofdrichting 
organische chemie gevolgd bij Prof. Dr. B. Zwanenburg en een uitgebreide nevenrichting 
Biofysische Chemie bij Prof. Dr. C.W. Hilbers. Als extra bijvakstage nam hij van januari tot 
juli 1991 deel aan een buitenlandse Erasmusstage bij Prof. Dr. A. Ricci, Universitá di 
Bologna, Italië. In september 1991 werd het doctoraal examen scheikunde afgelegd. 
Van november 1991 tot november 1995 was hij werkzaam als Onderzoeker in Opleiding 
(O.I.O.) bij de vakgroep Organische Chemie van het NSR-centrum aan de Universiteit 
Nijmegen, in dienst van de Nederlandse Organisatie voor Wetenschappelijk Onderzoek 
(N.W.O.). In deze periode verrichte hij het promotieonderzoek onder leiding van Prof. Dr. B. 
Zwanenburg, waarvan de resultaten in dit proefschrift worden beschreven. 
Zowel tijdens zijn studie als tijdens zijn promotieonderzoek was hij betrokken als 
practicumassistent bij het onderwijs aan biologie- en scheikundestudenten. 
Van juli 1996 tot juli 1997 was hij tijdelijk in dienst van de Arbo- en Milieudienst van de 
Katholieke Universiteit en het Academisch Ziekenhuis Nijmegen. 
Vanaf juli 1997 is hij in dienst bij PFW Aroma Chemicals B.V. te Barneveld als Senior 
Chemist bij de afdeling Research & Development. 
137 
